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Editorial on the Research Topic

Control of Regulatory T Cell Stability, Plasticity, and Function in Health and Disease

Regulatory T cells (CD4"CD25""CD127 FOXP3", Tregs) play a fundamental role in maintaining
immune homeostasis by modulating the immune response against self-antigens, allergens,
pathogens, and tumors. While Tregs were originally thought to be a terminally differentiated
population of T cells whose only function was to inhibit the activation and/or proliferation of other
immune cells, studies over the past decade have established that Tregs are a more plastic and
dynamic population than previously thought and they have a far broader role mediated by their
interaction with several immune and non-immune cells.

This Research Topic contains contributions that address the molecular mechanisms that regulate
Foxp3 expression and Treg function, plasticity and instability, and the influence of environmental
factors on these mechanisms in health and disease.

Tregs are a fairly stable population under homeostatic conditions, with tight regulation of the
two major axes that establish the Treg program, i.e., Foxp3 expression and a Treg-specific epigenetic
signature that is acquired during Treg development in the thymus (1). Stable and long-term
expression of Foxp3 in Tregs is essential for Treg function and is partly controlled by the
demethylation of Treg-specific epigenetic signature genes, including Foxp3 (2). Herppich et al.
examine the dynamics of the imprinting of Treg-specific epigenetic signature genes in thymic-
derived Tregs and demonstrate that the establishment of the Treg cell-specific hypomethylation
patterns is a continuous process throughout thymic Treg development.

Regarding the regulation of Foxp3 expression and function, Zhang and Zhou review the evidence
on Treg instability and the intrinsic and extrinsic mechanisms that control Foxp3 expression,
proposing an interesting hypothesis that Foxp3 instability might help thymic derived Tregs
distinguish between self and non-self antigens. In addition, Deng et al. review the post-
translational modifications that control Foxp3 protein expression and therefore, Treg function,
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and Colamatteo et al. review the mechanisms that control Foxp3
expression in healthy and autoimmune conditions.

Under inflammatory conditions, some Tregs can produce pro-
inflammatory cytokines such as IFNy and acquire an aberrant
effector-like phenotype (plasticity) (3, 4) or even lose Foxp3
expression (instability) (5, 6). Such changes can be triggered in
diverse settings including autoimmune, allergic, and infectious
diseases (7). For example, patients with relapsing-remitting
multiple sclerosis (MS), who display an increased frequency of
IFNYy-producing Th1-like Tregs and a decrease in Treg suppressive
function (3). Furthermore, a small percentage of Tregs in mouse
models of MS have been shown to lose Foxp3 expression and
become effector T cells, producing pro-inflammatory cytokines
(IFNy and IL-17) and contributing to disease severity (5, 6). In
this regard, two reports in this book identify additional factors
necessary to maintain Treg stability. Ronin et al. report that mice
with a specific deletion of RelA in Tregs develop autoimmunity,
which is attributable to the role of RelA in promoting Treg
activation and stability, as RelA knock out Tregs lose Foxp3
expression and produce pro-inflammatory cytokines.

Di Giovangiulio et al. examine the involvement of the Tbet-
IFNYy axis in colitis development. Tregs isolated from the lamina
propria of active IBD patients display a Thl-like phenotype.
Using a conditional Treg-specific Tbet KO, they observe that
Tbet expression in Tregs is required for the development of
colitis, and mice with Tbet KO Tregs develop milder colitis.

While these Treg plasticity and instability events are controlled
by intrinsic molecular signaling pathways such as the PI3K/AKT
pathway (8, 9), the activation of such pathways is modulated by the
Treg environment, including cytokines, metabolic intermediates
and dietary factors. As examples, Bin Dhuban et al. demonstrate
that IL-27 and IL-6 signaling via gpl30 impair the suppressive
capacity of Tregs and render these Tregs unstable by
downregulating Helios. Urbano et al. show that TNFo signaling
through TNFR2 regulates the kinase architecture of activated Tregs
and controls the expression of IL-17. Zhou et al. study the
involvement of the HMGB1/PTEN/[-catenin pathway in myeloid
cells in the development of Tregs during acute lung injury.

In regards to the influence of metabolism on Treg stability,
Kempkes et al. review the metabolic profiles associated with the
regulation of Treg functionality, and Shi and Chi provide a
summary on the extrinsic and intrinsic metabolic factors and
programs that regulate Treg lineage stability and plasticity, both
in lymphoid and non-lymphoid tissues. Moreover, Arroyo
Hornero et al. discuss the mechanisms underlying the effects of
certain dietary components, including NaCl and fatty acids, on
modulating Treg stability, plasticity, and function.

The tumor microenvironment is responsible for the specific
phenotypes and functionality of infiltrating immune cells (10,
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The CD4TFOXP3™ regulatory T cell (Treg) subset is an indispensable mediator of
immune tolerance. While high and stable expression of the transcription factor FOXP3 is
considered a hallmark feature of Treg cells, our previous studies have demonstrated that
the human FOXP3T subset is functionally heterogeneous, whereby a sizeable proportion
of FOXP3* cells in healthy individuals have a diminished capacity to suppress the
proliferation and cytokine production of responder cells. Notably, these non-suppressive
cells are indistinguishable from suppressive Treg cells using conventional markers of
human Treg. Here we investigate potential factors that underlie loss of suppressive
function in human Treg cells. We show that high expression of the IL-6 family cytokine
receptor subunit gp130 identifies Treg cells with reduced suppressive capacity ex vivo
and in primary FOXP3™ clones. We further show that two gp130-signaling cytokines,
IL-6 and IL-27, impair the suppressive capacity of human Treg cells. Finally, we show
that gp130 signaling reduces the expression of the transcription factor Helios, whose
expression is essential for stable Treg function. These results highlight the role of gp130
in regulating human Treg function, and suggest that modulation of gp130 signaling may
serve as a potential avenue for the therapeutic manipulation of human Treg function.

Keywords: FOXP3, regulatory T cell, suppression, autoimmunity, immune regulation, gp130, cytokines

INTRODUCTION

CD4TFOXP3™ regulatory T cells (Treg) play an essential role in the maintenance of tolerance
to self and harmless antigens. Congenital or acquired deficiencies in Treg cells result in severe
autoimmunity in several animal models as well as in humans, and adoptive transfer of Treg
cells controls autoimmunity in several animal models (1, 2). Numerous studies have examined
potential defects in the Treg population as underlying or contributory factors in human organ-
specific autoimmunity [reviewed in (2)]. While several groups reported numerical and functional
defects in the Treg compartment in a number of autoimmune diseases such as multiple sclerosis
(MS), type 1 diabetes (T1D), rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE),
others have observed normal Treg frequency and function in these diseases [reviewed in (2)].
In addition to potential disease heterogeneity and methodological variations that may have
contributed to the variable findings in these studies, lack of reliable human Treg cell markers is
a significant limitation (2). While a number of markers allow for the detection of highly-enriched
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Treg cells in resting conditions, most of these markers are
inducible on effector T cells (Teff) upon TCR-mediated
activation, thus leading to the inclusion of activated Teff
contaminants and increasing the functional heterogeneity of
the population (2). This results in considerable phenotypic and
functional variability in the global Treg cell pool examined from
healthy individuals and autoimmune patients, thus confounding
the interpretation of results. Furthermore, FOXP3 is transiently
upregulated in Teff cells upon TCR-activation without endowing
them with suppressive function (3, 4), thus blurring the
distinction between human Treg and activated Teff cells.

Using a single-cell cloning strategy that allows the
discrimination between activated Teff contaminants and
bona fide FOXP3-expressing Treg clones, we have recently
shown that the human FOXP3% Treg population is functionally
heterogeneous, containing a sizeable proportion of clones with
an impaired capacity to suppress the proliferation of Teft cells
despite exhibiting the hallmark surface phenotype of functional
Treg cells (5, 6). We have further demonstrated that this FOXP3-
positive, suppression-negative (FPSN) subpopulation, resembles
its FOXP3-positive, suppression-positive (FPSP) counterpart
in the demethylation status of the Treg-specific demethylated
region (TSDR) of the FOXP3 locus, as well as in the global Treg
gene expression signature (6). These findings indicated that these
non-suppressive FOXP3™ cells likely originate from previously
functional Treg cells. There are currently no markers to delineate
these dysfunctional FOXP3" cells, and their prevalence and
potential role in autoimmunity remains unknown. This study
aims to characterize the factors that drive loss of suppressive
function in human Treg cells, and to identify surface markers of
dysfunctional Treg cells.

Several inflammatory mediators have been shown to modulate
the function of Treg cells, including inflammatory cytokines such
IL-1B, TNF-a, and IL-6, as well as several TLR ligands and
microbial metabolites [reviewed in (7)]. The effects of IL-6 on
Treg function have been particularly well-studied. IL-6 plays a
critical role in regulating the balance between T helper 17 (Th17)
cells and Treg cells, by favoring the differentiation of Th17 cells
over Treg cells in the presence of TGF-p (8, 9). IL-6 has also been
shown to inhibit in vitro and in vivo Treg-mediated suppression
in mice (10-12) and humans (13). Clinically, elevated circulating
levels of IL-6 are detected in the sera and urine of SLE patients,
and correlate with disease severity (14). IL-6 is also highly
elevated in the synovia of RA patients (15), and in the intestinal
mucosa of inflammatory bowel disease (IBD) patients (16).
Blockade of IL-6 using tocilizumab, an approved treatment for
RA and other autoimmune disorders, has been shown to correlate
with increased frequency of Treg cells, although Treg function
was not assessed in these settings (17-20).

IL-6 signals through a receptor complex comprised of IL-
6R (CD126) and gp130 (CD130) (21). Gpl30 is part of the
receptor complex for several cytokines, including IL-6, IL-27,
IL-11, Leukemia Inhibitory Factor (LIF), Oncostatin M (OSM),
Ciliary Neurotrophic Factor (CNTF), Cardiotrophin 1 (CT-
1), and Cardiotrophin-like Cytokine (CLC) (22). The gp130
receptor is ubiquitously expressed on hematopoietic and non-
hematopoietic cells, and its deletion in mice is embryonically

lethal due to defects in cardiac development (23). However,
postnatal conditional abrogation of gp130 in hematopoietic cells
results in impaired lymphocyte development (24).

IL-27 is a cytokine of the IL-12 family. It is a heterodimer
composed of the IL-27p28 and the Epstein-Barr virus induced 3
(Ebi3) subunits, and is produced by activated antigen-presenting
cells (APC) such as dendritic cells and macrophages (25). IL-27
signals through the IL-27 receptor complex comprised the IL-
27RA (WSX-1) and gp130 (25). Both pro- and anti-inflammatory
roles have been described for IL-27. As a pro-inflammatory
cytokine, IL-27 has been shown to induce the production of IFN-
vy and favor the differentiation of Th1 cells in a STAT1-dependent
manner (26-28). Furthermore, IL-27 interferes with TGF-
induced generation of Treg cells (29), and more recently, Zhu
et al. reported that IL-27, delivered using an adeno-associated
virus (AAV)-based system results in a rapid depletion of Treg
cells and enhances anti-tumor responses in a mouse model of
melanoma (30). On the other hand, IL-27 has been shown to
increase the production of IL-10 by effector CD4" and Tr1 cells
(31-33), and to attenuate Th17-mediated inflammation in the
EAE model (33-35). Furthermore, some groups have reported
a paradoxical role for IL-27 in potentiating the suppressive
function of Treg cells (36).

In this study, we investigated factors that drive loss of
suppressive function in human FOXP3™ Treg cells. We found
that expression of gpl30 identifies Treg cells with reduced
suppressive function directly ex vivo. Furthermore, we show that
IL-6- and IL-27-mediated signaling through gp130 impairs the
suppressive capacity of Treg cells. These results highlight the
important role of gp130-signaling in modulating the suppressive
function of human Treg cells and present a novel target for the
therapeutic modulation of Treg function.

MATERIALS AND METHODS

Donors and Cell Isolation

Peripheral blood mononuclear cells (PBMC) were purified
from buffy coats of healthy donors (Sanguine Biosciences)
using Ficoll-Paque PLUS density gradient (GE Healthcare), and
were cryopreserved.

Reagents

Cryopreserved PBMCs were thawed and stained with viability
dye (eFluor 780; eBioscience). Antibodies against CD4 (FITC
or V500), CD25 (APC), CD45RA (Alexa Fluor 700)(BD
Biosciences), CD127 (PE-eFluor 610), FOXP3 (PE), TIGIT
(PerCP-eFluor710)  (eBioscience), Helios (Pacific  Blue;
Biolegend). Purified anti-FCRL3 antibody was provided by
Nagata (37), and was detected with F(ab’)2 anti-mouse IgG (PE-
Cy7; eBioscience). Flow cytometry analysis was performed on an
LSR Fortessa analyzer (BD Biosciences), and sorting throughout
this study was performed on a FACS Fusion cell sorter (BD
Biosciences). Recombinant human IL-6, IL-27, CLC, IL-11 (R&D
systems), and LIF (Peprotech) were added to suppression assays
where indicated at the time of activation.
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Generation of Primary CD4* T Clones
From Human PBMC

Primary CD4% clones were generated from healthy donors by
single-cell sorting of CD25M8" and CD25N¢8 cells as described
previously (5, 6). The clones were stimulated with soluble
anti-CD3 (30ng/mL; eBioscience), recombinant human IL-2
(200 U/mL) and irradiated human PBMCs as feeders, and
propagated in Xvivo-15 medium (Lonza) supplemented with 5%
FBS (Sigma-Aldrich). Fresh medium and IL-2 was added on
day 5 and every 2 days thereafter, and clones were passaged as
required. Clones were re-stimulated on day 11-12 and further
expanded until harvest on day 22-24. Phenotypic analysis and
functional assessment of suppressive capacity were performed
in parallel.

In vitro Suppression Assays

Suppression assays were performed as previously described
(5). Briefly, responding allogeneic CD4*CD25™ cells (Teff)
were FACS-sorted, stained with the CFSE proliferation dye
(5uM; Sigma-Aldrich) and plated at 8,000 cells/well in U-
bottom 96-well plates (Sarstedt) with irradiated PBMCs as
feeders (APCs) (30,000 cells/well). Treg cells were added to
the culture at a ratio of 1:1 and the assays were stimulated
with soluble anti-CD3 (30 ng/mL; eBioscience) for 4 days. In
bead-stimulated suppression assays, cells were stimulated with
anti-CD3/anti-CD28-coated beads at a 1:2 beads/cell ratio.
APC-derived supernatants were generated from total healthy
PBMCs stimulated separately with anti-CD3/anti-CD28-coated
beads at a 1:2 beads/cell ratio. APC-derived supernatants were
collected every 24h for 3 days, and added immediately to the

Treg-Teff co-culture.

Suppression values in all suppression assays were calculated
based on the division index of Teff cells cultured in the absence
of Treg cells using the following formula:

1 Division index of Teff cultured in the presnece of Treg cells 4100
Division index of Teff cultured in the absence of Treg cells

Where indicated, recombinant human IL-6, IL-11, IL-27, CLC
(all at 1-100 ng/mL), or LIF (100-1,000 ng/mL) were added to the
suppression assay at the time of activation. When cytokines were
added to a suppression assay, suppression at a specific cytokine
dose was calculated based on the Teft cells culture in the absence
of Treg cells in the presence of the corresponding cytokine at the
corresponding dose.

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
6.0 software. One-way ANOVA, followed by multiple-
comparison testing was used to compare multiple (>2)
groups, and the student t-test were used where indicated
for two-group comparisons. A p-value of < 0.05 was
considered significant.

RESULTS

APC-Derived Factors Drive the Loss of
Suppressive Function in Primary Human

Treg Clones

Although stable FOXP3 expression is considered a specific
feature of Treg cells, it is now established that human CD4"
Teff cells can express FOXP3 upon activation, making them
indistinguishable from Treg cells in activation or inflammatory
contexts (3, 4). This activation-induced FOXP3 expression is
transient and subsides within a few days of activation. To
circumvent this issue, we have developed and exploited a single
cell cloning strategy to pinpoint the phenotypic and functional
status of individual cells in the heterogeneous FOXP3 expressing
population. In this approach, we expand clones generated from
single CD4+CD25M8" and CD4*CD25N¢8 primary T cells from
human PBMC, and analyze their phenotypic and functional
profiles at the end of a short-term activation cycle, thus allowing
activation-induced FOXP3 expression to subside resulting in a
state of immune quiescence. At the time of harvest, only Treg
cell-derived clones maintain high FOXP3 levels, thus reliably
eliminating contaminating Teff cells. Using this approach, we
have previously shown that Treg clones harbor a population
that is functionally impaired despite exhibiting the canonical
phenotype of Treg cells including high and stable expression of
FOXP3 (Figures 1A,B) (5, 6).

All assessments of suppressive capacity of FOXP3™ clones
were thus far performed in the presence of irradiated PBMCs as
APC to provide co-stimulation in the suppression assay (5, 6).
APCs are a major source of several inflammatory cytokines,
some of which have been shown to alter the function of
mouse and human Treg cells (7). Therefore, we asked whether
the loss of suppressive function observed in FPSN clones is
driven by inflammatory factors provided by the APCs. To
assess this hypothesis, we examined the suppressive capacity of
FOXP3™ Treg clones in the presence or absence of irradiated
APCs. Interestingly, the lack of APCs in the co-culture almost
completely rescued the suppressive function of FPSN clones
(Figure 1C). The absence of APCs had no significant effect
on the suppressive potency of the already suppressive FPSP
clones, nor did it affect the lack of suppression in control FNSN
clones (Figure 1C). To determine the nature of the APC-derived
factors driving the observed Treg dysfunction, we examined the
suppressive capacity of Treg clones in the presence of purified
supernatant of activated APCs. APC-derived supernatant was
sufficient to cause a significant reduction in the suppressive
potency of FOXP3™ clones (Figure 1C). These data demonstrate
that soluble APC-derived factors contribute to the lack of
suppressive function associated with FPSN clones.

Gp130, a Component of the IL-6R
Complex, Is Preferentially Expressed in
Non-suppressive FOXP3* Treg Cells

We have previously performed a whole-genome expression
analysis on FPSP, FPSN, and FNSN clones in order to
identify gene products that distinguish human Treg cells from
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FIGURE 1 | Loss of suppressive function in FOXP3* Treg cells is driven by APC-derived factors. Primary FOXP3* clones were generated from healthy donors as
described above, and were analyzed for their ability to suppress allogeneic CD4+CD25~ Teff cells in a 1:1 Treg: Teff suppression assay in the presence or absence of
irradiated PBMCs (APCs). (A) Representative FACS plots showing CD25 and FOXP3 expression in representative FPSP, FPSN, and FNSN clones and their
suppressive function in the presence or absence of APCs. (B) FOXP3 expression in FPSP, FPSN, and FNSN clones before, or 48 h after re-stimulation with anti-CD3
and irradiated APCs. (C) Suppressive potency of FOXP3T and FOXP3~ clones in the presence or absence of APCs, or APC-derived supernatants. Shown are the
suppression values for 61 FPSP, 31 FPSN, and 9 FNSN clones from one representative experiment of three different experiments where clones were generated from
three different healthy individuals. Statistical analysis was done with the one-way ANOVA followed by the Tukey post-test. “*p < 0.01, ****p < 0.0001.

activated Teft cells and further identify the different functional
subpopulations of Treg cells (6). Examining the expression levels
of inflammatory cytokine receptors on the three populations, we
observed an increased transcription level of the IL-6 receptor
subunit (IL-6R) mRNA on both FOXP3" Treg subpopulations
relative to FOXP3™ controls in resting and activated conditions
(Figure 2A). Although we did not observe a significant difference
in IL-6R mRNA expression between FPSP and FPSN clones,
we were prompted to further investigate the IL-6 pathway in
the Treg clones due to the well-established role of IL-6 as a
major antagonist of Treg function (10-13, 38). To that end, we
generated FOXP31 and FOXP3™~ clones from CD4+CD25High
and CD41TCD25™ cells, respectively, and identified FPSP, FPSN,
and FNSN clones by examining their suppressive capacity in
the presence of irradiated APCs. In parallel, we assessed the
expression of IL-6R on the three subsets by flow cytometry
prior to activation. Most examined clones expressed IL-6R,
although no significant differences in IL-6R protein expression
were observed among the three subsets (Figure2B). Given
the possibility of IL-6 trans-signaling in cells that do not
express IL-6R (39, 40), we examined the expression levels of

gp130 whose surface expression is required for IL-6 signaling.
Interestingly, despite its mRNA being equally expressed by the
three populations (Figure 2C), gp130 protein was significantly
elevated on the surface of FPSN clones compared to FPSP
and FNSN clones (Figure 2D), suggesting a potential role for
this cytokine receptor in the functional impairment of the
FPSN subset.

Gp130-Expressing Treg Cells Are Enriched
Amongst the Naive T Cell Compartment,
and Display Features of

Functional Instability

We next assessed the ex vivo expression of gp130 on total CD41 T
cells and in Treg cells in healthy individuals. We found that gp130
is preferentially expressed on predominantly naive (CD45RA™)
CD4%" T cells, while the memory (CD45RA™) compartment
contains both gp130M8" and gp130°W cells (Figure 3A). A
similar pattern of gp130 expression was observed in CD45RA™
vs. CD45RA™ Treg (CD4TCD25+CD127°V) cells (Figure 3B).
We have previously reported that Helios expression is associated
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FIGURE 2 | Gp130, a component of the IL-6R complex, is preferentially expressed in non-suppressive FOXP3™T clones. Primary FOXP3+ clones were generated from
healthy donors as described above. FPSP, FPSN, and FNSN clones were identified based on their ability to suppress allogeneic CD4+CD25~ Teff cells in a 1:1
Treg:Teff suppression assay in the presence of irradiated APCs. Shown are the relative mMRNA expression levels of the IL-6 receptor chains IL-6R (A) and gp130
(IL-8ST) (C) in FPSP, FPSN, and FNSN clones as measured at the resting state at harvest or 24 h after activation (6). (B,D) show the protein expression levels of IL-6R
(B) and gp130 (D) on FPSP, FPSN, and FNSN clones at the time of harvest. Data were normalized using the internal normalization feature in GraphPad Prism where
the largest value in the data was set to 100 and the lowest value was set to 0. Shown are the results from one representative experiment of six different experiments
where clones were generated from six different healthy individuals. Statistical analysis was done with the one-way ANOVA followed by the Tukey post-test.
***p < 0.0001.

with enhanced suppressive capacity and maximal repression of
inflammatory cytokine production by human Treg cells (6).
Moreover, we recently identified two surface proteins, TIGIT
and FCRL3, as a reliable marker combination that distinguishes
Helios* from Helios™ Treg cells in human peripheral blood
(6). We then investigated the expression of these novel surface
markers in relation to gp130. Since both TIGIT and FCRL3
are preferentially expressed on memory Treg cells (6), while
gp130 is highly expressed on CD45RA™ Treg cells, we analyzed
the expression of these markers on naive and memory Treg
subpopulations, identified based on CD45RA expression, and
further distinguished based on gp130 expression (Figure 3B). As
previously reported, FOXP3 expression is lower in naive Treg
cells relative to memory Treg cells (41). At the steady state, we did
not observe a significant difference in FOXP3, Helios or TIGIT
protein expression levels between gp130ti8? and gp130“°" within
the memory Treg subset (Figure 3B). However, the frequency

of FCRL3™" cells is significantly reduced within the memory
gp130t8h Treg cells (Figure 3B). Thus, given the correlation
between FCRL3 expression and stable Treg cell function (6),
this reduced expression of FCRL3 could be indicative of reduced
stability of gp130H8" Treg cells.

Ex vivo gp130 Expression Identifies Treg
Cells With Reduced Suppressive Capacity

We next sought to examine the correlation between gp130
expression and suppressive function of Treg cells directly ex vivo.
To that end, we FACS-sorted the following 3 subpopulations
of CD4TCD25M8MCD127M°" Treg cells: (1) CD45RA ™ gp130L°Y,
(2) CD45RA~gp130™ish, and (3) CD45RATgp130Mi8h. Given
the high expression of gp130 on all naive CD4% T cells, the
fourth subpopulation CD45RA T gp130L°" is almost non-existent
and, therefore, we did not include it in the analysis (Figure 4A).
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FIGURE 3 | Gp130 is preferentially expressed on naive CD4T T cells. PBMCs were isolated from healthy individuals and analyzed ex vivo by flow cytometry for the
expression of the indicated markers. (A) The expression of gp130 on naive vs. memory CD4* T cells. Statistical analysis was performed using the student t-test. (B)
The expression of gp130 on naive vs. memory Treg cells and its correlation with the expression of FOXP3, Helios, TIGIT, and FCRL3. Shown are the combined results
from seven different healthy individuals. Statistical analysis was done with the one-way ANOVA followed by the Tukey post-test. “o < 0.05, *p < 0.01, **p < 0.001,

Within the memory Treg population, we found that the
suppressive potency of memory gp130Mi8h cells was significantly
lower than that of gp130™°" cells, and was comparable to that of
naive Treg cells, which have previously been reported to have a
greatly reduced suppressive capacity in comparison with memory
Treg cells (Figure 4B) (41). These results confirm our findings
in Treg clones that gp130 identifies Treg cells with reduced
suppressive capacity, and suggest that gp130 likely transmits
inflammatory signals that dampen the suppressive capability of
Treg cells.

IL-6 and IL-27 Inhibit the Suppressive

Function of FOXP3* Treg Cells ex vivo

Several cytokines utilize gpl30 as part of their receptor
complexes, activating various downstream signaling pathways
and driving different biological processes (42). Here we sought
to identify gp130-signaling cytokines that alter the suppressive
function of Treg cells. We generated primary Treg clones and
assessed their capacity to suppress the proliferation of Teff cells in

the presence of the gp130-signaling cytokines IL-11, LIF or CLC,
IL-6, and IL-27. We first analyzed the effects of these cytokines on
the proliferative capacity of responder Teff cells TCR-activated in
the absence of Treg cells. We observed that only IL-6, but not the
other tested cytokines, significantly increased the proliferation
of Teff cells (Figure 5A). We next examined the suppressive
potency of Treg clones in the absence or presence of exogenous
cytokines. While the suppressive potency of Treg clones was not
altered upon the addition of exogenous IL-11, LIF or CLC, both
IL-6, and IL-27 markedly decreased Treg-mediated suppression
of Teff cell proliferation (Figure 5B). However, while IL-27
exhibits a significantly higher modulatory effect on gp130High
relative to gp130M°Y clones, IL-6 alters the suppressive function
of gp130Hi8h and gp130'°Y clones to a similar extent, suggesting
that IL-6 may additionally alter Treg-mediated suppression
through the enhancement of Teff proliferation (Figure 5A).

We next assessed the impact of exogenous IL-6 and IL-
27 on the suppressive function of Treg cells ex vivo. To
that end, we sorted CD4*CD25TCDI127°" Treg cells and
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FIGURE 4 | High gp130 expression identifies Treg cells with reduced suppressive capacity ex vivo. Naive and memory Treg cells (CD4+CD25Hi9hCD1 27L°W) cells
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and irradiated PBMCs for 96 h. Shown are representative FACS plots (A) and the percentage of suppression (B) of Teff cells at multiple Treg:Teff ratios in two different
experiments on two different healthy donors. Statistical analysis was done with the one-way ANOVA followed by the Dunnett post-test. *p < 0.05, **p < 0.001.

measured their capacity to suppress the proliferation of
TCR-activated CD4+TCD25™ Teff cells in the presence of titrated
amounts of IL-6 or IL-27. Following a 96-h incubation period,
Teff cell proliferation was assessed as a measure of Treg
cell suppressive capacity. Both IL-6 (Figure 6A) and IL-27
(Figure 6B) significantly reduced the suppressive function of
Treg cells in a dose-dependent manner (Figure 6A). While IL-6
treatment also caused a significant increase in the proliferation
of Teff cells in the absence of Treg cells, IL-27 did not directly
alter Teff proliferation (Figure 6C). These data suggest that while
both IL-6 and IL-27 inhibit the suppressive function of human
Treg cells, IL-27 likely acts directly on Treg cells while IL-6 also
indirectly impairs Treg function through enhancement of Teff
cell proliferation.

Finally, we and others have previously described a key role for
the Helios transcription in the functional stability of Treg cells (6,
43-45). We questioned whether IL-6 and IL-27-mediated loss of
Treg suppressive function is associated with alterations in Helios

expression. Indeed, we observed that both IL-6 and IL-27 cause a
significant reduction in the levels of Helios expression in human
Treg cells co-cultured with Teff cells (Figure 6D), suggesting that
gp130 signaling, either directly or indirectly, could impact the
regulatory network of Helios leading to impaired suppression
by Treg cells. Further work is needed to elucidate the exact
molecular mechanisms through which these gp130-signaling
cytokines affect Helios expression and Treg function.

Blockade of the gp130 Receptor Augments

Treg Cell Suppressive Activity

As both IL-6 and IL-27 signal through gp130 and abrogate
Treg cell suppression, we next determined whether functional
blockade of gp130 could rescue Treg cell suppressive activity. To
achieve this, we made use of a recently described small molecule
inhibitor of gp130, LMT-28, shown to potently inhibit gp130-
mediated signaling (46). We first assessed the potency of the
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gp130 inhibitor in preventing gp130-mediated cytokine signals
in T cells by evaluating STAT3 phosphorylation.

IL-6-mediated signaling through gp130 activates STATS3,
which is subsequently phosphorylated. In order to test
the potency of the gpl30 inhibitor, we evaluated STAT3
phosphorylation in the presence and absence of the drug in
healthy human PBMCs stimulated with IL-6. Total healthy
PBMCs were plated with the inhibitor for 1h followed
by stimulation with IL-6 for 10min, after which STAT3
phosphorylation was evaluated using multi-parametric flow
cytometry. We show that the gpl130 inhibitor significantly
abrogates IL-6-mediated STAT3 phosphorylation in CD41 T
cells (Figure 7A).

Finally, we sought to determine whether gp130 inhibition
could antagonize the effect of IL-6 signaling on the suppressive
function of Treg cells. Indeed, while the suppressive function
of naive (CD45RA™) Treg cells is significantly reduced by IL-
6, treatment with the gp130 inhibitor is able to restore the
suppressive capacity of Treg cells to normal levels (Figure 7B).
These data further highlight the role of the gpl30 axis in
the regulation of Treg function, and demonstrate that gp130
may present a viable therapeutic target for the modulation of
Treg activity.

DISCUSSION

We have previously reported on the remarkable degree of
functional heterogeneity within human FOXP3" Treg cells.
In particular, we showed that CD4*CD25High/Bright Treg cells,
albeit highly enriched in suppressive FOXP3" T cells, harbor
a pool of bona fide FOXP3™ Treg cells with compromised
suppressive function, despite the maintenance of hallmark
phenotypic and functional Tyeg features. Notably, these non-
suppressive Treg cells are indistinguishable from functionally

suppressive Treg cells using the conventional markers of human
Treg cells. In this study, we sought to identify potential factors
that underlie such loss of function in FOXP3T cells. We
demonstrated that APC-derived factors are responsible for the
observed functional impairment, and identified gp130 as a
surface receptor that is highly expressed in non-suppressive
FOXP3" clones. We further showed that IL-6 and IL-27
negatively modulate Treg function. These results highlight the
role of gp130 in regulating the function of human Treg cells and
propose modulation of gp130 function as a potential therapeutic
avenue for regulation of human Treg function in various
disease settings.

Previous studies have associated IL-27 with both pro-
inflammatory and anti-inflammatory roles in several animal
models. As a pro-inflammatory cytokine, IL-27 signaling is
a potent inducer of T-bet and IFN-y (26-28), and plays
a critical role in mediating CD4" T cell responses against
chronic lymphocytic choriomeningitis virus (LCMV) infection
(47). Moreover, in a model of helminth-induced inflammatory
bowel disease (IBD), II27ra deficiency impaired Thl responses
in the intestine resulting in inefficient worm expulsion and
delayed onset of colitis (48). IL-27 has also been shown to
inhibit the TGFB-mediated induction of Treg cells (29), and
adoptive transfer of I127ra~/~ Treg cells into lymphopenic
mice resulted in attenuated colitis, which was attributed to
increased induction of peripheral Treg cells (49). Furthermore,
transgenic mice overexpressing IL-27 succumbed to spontaneous
inflammation associated with a severe diminishment of their
Treg pool (50). More recently, Zhu et al. reported that systemic
delivery of IL-27 resulted in a rapid depletion of Treg cells
and enhanced T cell-mediated inhibition of tumor growth in
a melanoma mouse model (30). In contrast, a study by Do
et al. reported that I127ra~/~ Treg cells are defective in their
suppressive capacity and are unable to suppress inflammation
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in a colitis model (36). The authors further reported that IL-35 also signals through a receptor complex involving the IL-
stimulation of Treg cells in the presence of IL-27 substantially =~ 27RA (52). IL-35 is an anti-inflammatory cytokine expressed
improved the suppressive function of Treg cells in vitro and by a suppressive subset of mouse T cells termed iTr35 (53, 54).
in vivo (36). These seemingly contrasting results could be  IL-35 also shares the Ebi3 with IL-27 (53, 54). Thus, the
a result of the different mouse genetic backgrounds used  shared nature of the IL-27RA complicates the interpretation
in the aforementioned studies, C57BL/6 and BALB/c (30, of studies that relied on II27ra~/~ mice to examine the role
36, 49). Furthermore, it is becoming increasingly appreciated  of IL-27 in vivo.

that differences in the composition of commensal microbiota Interestingly, Do et al. have also examined the effects of IL-
have a significant influence on immune responses and disease 27 on the suppressive function of human Treg cells and reported
outcome even within animals of the same strains (51), and  that IL-27 significantly improves their suppressive function (36).
therefore the influence of microbial composition in animal  While this is in contrast to our findings showing a negative
models on the these seemingly contrasting findings cannot be  impact of IL-27 on human Treg function, there are important

ruled out. differences in the assessment of Treg function between the two
It should be noted that the majority of the studies that studies. While we added IL-27 at the time of activation of the
examined the in vivo effects of IL-27 have used II27ra~/~  suppression co-culture, Do et al. activated Treg cells separately in

mice. However, IL-27 may not be the only ligand for IL-27RA.  the presence or absence of IL-27 for 3 days prior to co-culturing
Indeed, a recent study by Wang et al. has demonstrated that  with Teff cells. Furthermore, Do et al. did not report details on the
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presence of irradiated PBMCs and soluble anti-CD3 (30 ng/mL) for 96 h. Cells were plated at a 0:1 or 1:8 Treg: Teff cell ratio along with rhiL-6 (10 ng/mL) with or
without LMT-28 (10 wM). Shown data is representative of 3 independent experiments. Statistical analysis was done with the one-way ANOVA followed by the Dunnett
post-test. *p < 0.05, ***p < 0.0001.

levels of activation achieved in their suppression assays to allowa  RORyt (55). IL-27 signaling through gp130 has also been shown
clear estimation of the quality and magnitude of the modulation  to activate STAT3 (56, 57) and, therefore, it is possible that the
of Treg activity achieved by IL-27 (36). Importantly, we observed ~ mechanism of inhibition of Treg function is shared between IL-6
no effect of IL-27 on Teff cells cultured alone as a control, and IL-27. Additionally, IL-27 activates STAT1 leading to the
indicating that our observations of reduced Treg function in the  inhibition of IL-2 production by T cells through the activation
presence of IL-27 are due to its direct action on Treg cells. of the suppressor of cytokine signaling 3 (SOCS3) (50, 58, 59).

The mechanism through which IL-27 acts on Treg cells  Furthermore, IL-27 interferes with T cell responsiveness to IL-
is unclear. However, previous studies have shown that IL-6 2 (30, 58). Given the vital role played by IL-2 in the survival
inhibits Treg function through the activation of the STAT3  and function of Treg cells, this latter effect of IL-27 likely plays
pathway and overcoming the FOXP3-mediated inhibition of  a significant role in modulating Treg function.
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An interesting observation in our study is the restoration
of suppressive capacity in non-suppressive FOXP3" clones in
the absence of APCs. This indicates that modulation of Treg
function is largely mediated by local inflammatory factors, and
is reversible, thus highlighting the resilient yet adaptable nature
of human Treg cells in response to cues in the microenvironment.
The significance of this functional heterogeneity is not clearly
understood. One potential advantage of having subpopulations
of Treg cells with differential responsiveness to inflammatory
mediators would be the facilitation of a rapid down-modulation
of Treg suppressive function in response to an infection.
This would allow a partial relief of Treg activity and an
enhanced initiation of an effective protective response. It would,
therefore, be critical that down-modulated Treg cells can regain
their suppressive capacity upon pathogen clearance. Whether
deregulated and chronic production of inflammatory mediators
can cause permanent loss of Treg function and contribute to
autoimmunity remains to be investigated. There is, however,
mounting evidence in mouse models indicating that Treg cells
can, under inflammatory conditions such as lymphopenia or
chronic infections, lose their Foxp3 expression and suppressive
function and differentiate into Teff-like cells with inflammatory
potential (60-62). It is not clear if these former Foxp3™
cells can regain Foxp3 expression and suppressive capacity in
homeostatic conditions in vivo. Persistent FOXP3 loss in a highly
inflammatory environment may cause long-lasting quantitative
and qualitative defects in the Treg population.

Our study also highlights the importance of considering the
influence of the inflammatory milieu on Treg cells when assessing
Treg function in human autoimmune disease. Although intrinsic
defects in Treg function may be a possible underlying cause
of organ-specific autoimmunity, it is highly likely that Treg
dysfunction could be a consequence of functional modulation
by extrinsic factors that are abundant in situ in inflammatory
conditions. Monitoring Treg cells with an increased susceptibility
to functional modulation, gp130"8" cells for instance, in
autoimmune patients could provide valuable insight into the
functional status of the Treg population in these patients.
Regardless of whether Treg dysfunction is causative or secondary
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" Neurocritical Care Unit, The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science
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Sepsis-induced acute lung injury (ALl)/acute respiratory distress syndrome (ARDS)
remains the leading complication for mortality caused by bacterial infection. The
regulatory T (Treg) cells appear to be an important modulator in resolving lung
injury. Despite the extensive studies, little is known about the role of macrophage
HMGB1/PTEN/B-catenin signaling in Treg development during ALI.

Objectives: This study was designed to determine the roles and molecular
mechanisms of HMGB1/PTEN/B-catenin signaling in mediating CD4+CD25"Foxp3™

Treg development in sepsis-induced lung injury in mice.
Setting:  University of Anhui

Medical University.

laboratory research of First Affiliated Hospital

Subjects: PTEN/B-catenin Loxp and myeloid-specific knockout mice.

Interventions: Groups of PTEN*P/g-catenin®® and myeloid-specific PTEN/g-catenin
knockout (PTENM—KO/g-cateninM—KO) mice were treated with LPS or recombinant
HMGB1 (tHMGB1) to induce ALI. The effects of HMGB1-PTEN axis were further analyzed
by in vitro co-cultures.

Measures and Main Results: In a mouse model of ALI, blocking HMGB1 or
myeloid-specific PTEN knockout (PTENM—KO) increased animal survival/body weight,
reduced lung damage, increased TGF-f production, inhibited the expression of RORyt
and IL-17, while promoting B-catenin signaling and increasing CD4+tCD25" Foxp3™
Tregs in LPS- or rHMGB-induced lung injury. Notably, myeloid-specific p-catenin
ablation (B-cateninM—KO) resulted in reduced animal survival and increased lung
injury, accompanied by reduced CD4+tCD25TFoxp3™ Tregs in rHMGB-induced AL
Furthermore, disruption of macrophage HMGB1/PTEN or activation of p-catenin
significantly increased CD41tCD25*Foxp3™ Tregs in vitro.

Conclusions: HMGB1/PTEN/B-catenin signaling is a novel pathway that regulates Treg
development and provides a potential therapeutic target in sepsis-induced lung injury.

Keywords: acute lung injury, HMGB1, regulatory T cells, sepsis, inflammation
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Zhou et al.

HMGB1/PTEN/B-Catenin Regulates Treg in Sepsis

INTRODUCTION

Sepsis is a systemic inflammatory response syndrome which may
result in acute lung injury (ALI) and/or acute respiratory distress
syndrome (ARDS) (1). ARDS is a type of respiratory failure
characterized by rapid onset of widespread inflammation in the
lungs, symptoms include shortness of breath, rapid breathing,
and bluish skin coloration (2). Despite recent progress in
developing many pharmacological interventions for ALI/ARDS,
there have been no successful clinical trials for drugs treating
these disorders, implying that there are complex molecular
mechanisms in sepsis-driven inflammatory responses.

High-mobility group box 1 protein (HMGB1), a highly
conserved and ubiquitous DNA binding nuclear protein, is
a key mediator during inflammatory responses in sepsis (3).
HMGBI, as an innate “danger signal” (alarmin), plays a key
role in the initiating innate and adaptive immune response (4-
6). As a late mediator, HMGBI1 can be actively released from
endotoxin-stimulated macrophages following lipopolysaccharide
(LPS) and by TNF-a or IL-18 stimulation. Blockade of
HMGBI via antibody targeting protects against LPS lethality
in mice, whereas administration of HMGBI in mice results in
developing endotoxemia and lethality (7). HMGBI1 contributes
to the endotoxin-induced ALI through activating NF-kB
translocation, increasing levels of proinflammatory cytokines,
and enhancing lung permeability (8-10). Extracellular HMGB1
augmented autoimmune response through stimulating dendritic
cell maturation and macrophage activation, whereas HMGB1
deficiency resulted in increasing the number of lymph node
CD4"Foxp3™t regulatory T (Treg) cells during inflammatory
response (11). Moreover, disruption of HMGBI promotes the
ability to induce Treg and enhances antitumor immunity (12).

Recently, CD4*CD25"Foxp3% Tregs have been shown
to be crucial for the resolution of endotoxin-induced lung
injury via both TGF-B-dependent and -independent pathways
(13). TGF-B induces Treg-mediated suppressive activity and
Foxp3 expression (14, 15). The development and survival of
CD47TCD25% Tregs in vivo was depressed by the increased
phosphatase and tensin homolog deleted on chromosome ten
(PTEN) activity via distinct IL-2 receptor (IL-2R) signaling,
which is associated with downstream mediators of PI3K (16).
Deficiency of myeloid PTEN increases PI3K signaling and
reduces endotoxin-induced inflammatory response and lung
injury (17). Indeed, loss of PTEN leads to an increasing nuclear
accumulation of B-catenin (18) and promotes PI3K, which
P3 and activates downstream PDK1 and Akt (19). Increasing
phosphorylation of Akt by PDKI enhances Akt activity and
facilitates Treg induction (20), whereas deletion of PDK1 in T
cells results in reducing Treg numbers in vitro and in vivo (21).
Thus, the modulation of Treg development might involve in
multiple pathways during lung inflammation and injury.

Using a well-established model of lung injury and an in vitro
co-culture system, we identified a novel regulatory pathway
of HMGBI/PTEN/B-catenin signaling on Treg induction
during inflammatory response. We demonstrated that HMGB1
promoted lung inflammation through activating myeloid
PTEN-mediated innate immunity. Lacking myeloid PTEN

ultimately resulted in promoting P-catenin activation and
TGF-B production, which in turn induced CD4*CD25% Foxp3™
Tregs and suppressed endotoxin-mediated inflammation in
the lung. Our data document that HMGB1/PTEN/B-catenin
signaling is critical for development of Tregs in the resolution of
sepsis-induced lung injury.

MATERIALS AND METHODS

Mice

The floxed B-catenin (B-catenin®*) mice (The Jackson
Laboratory, Bar Harbor, ME), and the mice expressing Cre
recombinase under the control of the Lysozyme M (LysM)
promoter (LysM-Cre; The Jackson Laboratory) were used to
generate myeloid-specific f-catenin knockout (-catenin™—X0)
mice. In brief, homozygous B-cateninfl® mice were interbred
with homozygous LysM-Cre mice, and the heterozygous
offspring were then backcrossed to the homozygous p-cateninfl®
mice to generate B-catenin™ KO (LysM-Cre-B-cateninf*) mice.
The C57BL/6 wild-type (WT) and PTEN'X mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). The expression
of B-catenin was detected in spleen and myloid cells, respectively
(Figure S1). The myeloid-specific PTEN knockout (PTENM~KO)
mice were generated as described (22). Mouse genotyping was
performed by using a standard protocol with primers described
in the JAX Genotyping protocols database, and the expression of
PTEN was detected as described (22). All animals were housed in
animal facility under specific pathogen-free conditions. Animals
at 8-10 weeks of age were used in all experiments.

Mice Treatment

To establish the animal model of ALI, mice were anesthetized
with ip. ketamine (150 mg/kg) and acetylpromazine (13.5
mg/kg), and then an incision (1-2 cm) was made on the animal
neck to expose the trachea. A 20-gauge catheter was inserted
into the lumen of trachea. 50 wl of LPS (Escherichia coli 055:B5;
Sigma-Aldrich, 100 pg/mouse), diluted in sterile water was
instilled via the catheter. Sterile water was used in the control
group (8-10 mice per group) (13). To determine the role of
HMGBI1 during LPS-induced ALI, mice were instilled with
100 pg/mouse of anti-HMGB1 (Product# 326052233, Shino-
TEST Co, Tokyo, Japan) immediately after LPS instillation.
Control mice received the same volume of saline solution
or control IgG (Sigma-Aldrich). To generate mouse model
of endotoxin-induced sepsis, mice were injected with LPS
(750 pg/mouse, i.p.) as described (23). In some experiments,
mice were administrated with recombinant HMGB1 (rHMGBI,
50 pg/mouse, i.p., product# 4652, Sigma-Aldrich) or vehicle
PBS. Since previous reports showed that maximal lung
injury and HMGBI1 expression occurred between 12 and 48h
after LPS instillation (24), all animal studies were executed
at 24h after LPS, rHMGBI, anti-HMGBI1, control IgG or
saline treatment.

Analysis of the Permeability Index
The permeability index, reflexing the damage of alveolar
epithelial and endothelial permeability, was evaluated by
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administrating human serum albumin (i.v. 25 pg; Signa-Aldrich, ~ with Diff-Quik staining solutions to count enriched alveolar
MO) 1h prior to sacrificing the animal. The blood and BALF ~ macrophages as described (25).

were collected at the time of sacrifice. ELISA assay was performed

to measure the level of human albumin concentration using ~Analysis of HMGB1 and Cytokines

a human serum albumin ELISA kit (Cayman Chemical, Ann  The mouse ELISA kits were used to measure the levels of HMGB1
Arbor, MI). The pulmonary permeability index was defined as  (Shino-TEST Co, Tokyo, Japan), TGE-B, TNF-a, IL-1p, IL-17A,
the human albumin concentration in BAL fluid/serum ratio. and IL-23 (p19) (eBioscience) in BALE serum and co-cultures

; . according to the manufacturer’s instructions.
Analysis of Bronchoalveolar Lavage Fluid

(BALF) Histological Analysis

The mice were anesthetized before exposure of the trachea.  The lungs from mice (n = 8/group) were harvested and rinsed
After the catheter was inserted into the lumen of trachea,  with PBS, and then immersed into 10% of buffered formalin
the lungs were then lavaged 3 times with 0.8ml of sterile  overnight. After processing for paraffin embedding, the lung
saline. The total collected lavage averaged 1.4-1.7 ml/mouse.  sections were stained with hematoxylin and eosin (H&E). The
BALF was centrifuged at 800 x g for 10min at 4°C. The  severity of lung injury was evaluated semi-quantitatively by
cell-free supernatants were stored at —80°C for later analysis.  grading score on a scale from 1 to 5 as described (13). In this
The cell pellet was re-suspended in PBS and counted by classification, 1, normal; 2, focal (<50% lung section) interstitial
a hemacytometer. The differential staining was performed  congestion and inflammatory cell infiltration; 3, diffuse (>50%
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lung section) interstitial congestion and inflammatory cell
infiltration; 4, focal (<50% lung section) consolidation and
inflammatory cell infiltration; 5, focal (>50% lung section)
consolidation and inflammatory cell infiltration. The mean score
was determined by examining each sample.

Myeloperoxidase Activity Assay

The presence of myeloperoxidase (MPO) was used as an
index of lung neutrophil accumulation as described (26). The
frozen tissue samples were homogenized and separated by
centrifugation. Supernatants were analyzed for MPO activity by
spectrophotometry at 655 nm, and the change in absorbance was
measured. One unit of MPO activity was defined as the quantity
of enzyme degrading 1 wmol peroxide/min at 25°C per gram
of tissue.

Western Blot Analysis

Protein was extracted from macrophages with ice-cold protein
lysis buffer (50 mM Tris, 150 mM Nacl, 0.1% sodium dodecyl
sulfate, 1% sodium deoxycholate, 1% Triton-100). The buffer
contains 1% proteinase and phosphatase inhibitor cocktails

(Sigma-Aldrich). Proteins (30 pg/sample) in SDS-loading
buffer (50mM Tris, pH 7.6, 10% glycerol, 1% SDS) were
subjected to SDS-polyacrylamide gel electrophoresis (PAGE)
and transferred to nitrocellulose membrane (Bio-Rad, Hercules,
CA). The membrane was blocked with 5% dry milk and 0.1%
Tween 20 (USB, Cleveland, OH). Monoclonal rabbit anti-
mouse HMGB1 (product# 6893), PTEN (product# 9188), p-
catenin (product# 8480), phos-PDK1 (product# 3438), phos-
Akt (ser473) (product# 4060), and p-actin (product# 3700) Abs
(Cell Signaling Technology, MA) were used. The membranes
were incubated with Abs, and then developed according to
the Pierce SuperSignal West Pico Chemiluminescent Substrate
protocol (Pierce Biotechnology, Rockford, IL). Relative quantities
of protein were determined and expressed in absorbance units
(AU) comparing to B-actin expression using a densitometer
(Kodak Digital Science 1D Analysis Soft-ware, Rochester, NY).

Quantitative RT-PCR Analysis

Total RNA was purified from lung tissue, peripheral blood or
spleen T cells using RNeasy Mini Kit (Qiagen, Chatsworth,
CA) according to the manufacturers instructions. Reverse
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transcription to cDNA was performed by using SuperScript III
First Strand Synthesis System (Invitrogen). Quantitative real-
time PCR was performed using the DNA Engine with Chromo
4 Detector (M] Research, Waltham, MA). In a final reaction
volume of 25 pl, the following were added: 1 x SuperMix
(Platinum SYBR Green qPCR Kit; Invitrogen, San Diego, CA)
c¢DNA and 10 wM of each primer. Amplification conditions were:
50°C (2 min), 95°C (5 min), followed by 40 cycles of 95°C (155s)
and 60°C (30s). Primer sequences used for the amplification of
TNF-a, TGF-B, IL-17A, IL-23, RORyt, Foxp3, and HPRT are
shown in Supplementary Table 1. Target gene expressions were
calculated by their ratios to the housekeeping gene HPRT.

Cell Isolation

The WT, PTENfx PTENM-KO = @_cateninf®*, and p-
catenin® KO mice were anesthetized with sodium
pentobarbital (100 mg/kg, i.p.), and then Bio-Gel elicited

flox

peritoneal ~macrophages were isolated as described
previously (22). The macrophages were cultured in medium
(Invitrogen) supplemented with 10% FBS, 100pg/ml of
penicillin/streptomycin (Life Technologies; Grand Island, NY).
The peripheral blood or spleen T cells were purified using the
EasySep™ mouse T cell isolation kit (STEMCELL Technologies,
Vancouver, BC, Canada) according to the manufacturer’s
instructions. T cells were then stimulated with anti-CD3
(1 pg/ml, Clone 145-2C11) and anti-CD28 (2pug/ml, Clone
37.51) (eBioscience).

In vitro Transfection and Treatments

After 24h cell culture, 1 x 10° macrophages/well were
transfected with 100nM of HMGBI1 siRNA or non-specific
control siRNA using lipofectamine 2000 reagent (Invitrogen),
and incubated for 24 h. Non-specific (NS) siRNA as a control.
In some experiments, cells were pretreated with 10 jug/ml of
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rHMGBI1 or 10 pg/ml of anti-HMGBI for 24 h, and then were
supplemented with 1pg/ml of LPS for additional 6h. The
HMGBI siRNA and control siRNA were purchased from Santa
Cruz Biotechnologies (Santa Cruz, CA).

Macrophage/T Cell Co-cultures

The HMGBI1 siRNA-transfected macrophages or macrophages
isolated from WT, PTENox, pPTENM-KO_ g_cateninflo%, and B-
cateninM KO mice were suspended at 5 x 10° cells/ml and
cultured on 60 mm plates. After the cells were stimulated with
LPS (1 pg/ml) for 6 h, spleen T cells were then added into cultures
at a macrophage/T cell ratio of 1:10 as described before (27). The
co-cultured cells were incubated for 24 h, and then macrophages
and spleen T cells were harvested for the Western blots, real-time
PCR, and flow cytometry analysis.

Flow Cytometry Analysis

Peripheral blood T cells isolated from LPS- and/or anti-HMGB1-
treated WT, or rHMGBI1-treated PTENfX, PTENM-KO,
B-cateninf®®, and P-catenin™ KO mice, as well as spleen
T cells harvested from co-cultures were stained with anti-
mouse CD4-PE-Cyanine5 (RM4-5), CD25-PE (PC61.5),
and Foxp3-FITC (FJK-16s) mAbs (eBioscience) according
to the manufacturer’s instructions. PE-labeled rat anti-
mouse IgG2a isotypes were used as negative controls.
Measurements were performed using a FACSCalibur flow
cytometer (BD Biosciences). Data analysis was performed using
CellQuest software.

Statistical Analysis
All experiments were repeated three times. Data are expressed
as mean®SD and analyzed by Permutation ¢-test and Pearson

I PTENfx
N O o M-KO
A " éb g" C9Q7 B 3 PTEN C
S &N
FREIFAEY £ 2.0-
° " 200+
-— PTEN P *k
2 1.5 =
5 £ 150-
— e D-PDK1 < S
£ 1.0 & =2
e —d - Sn?!
B 20| e T 7
Q L
i @ 0.51 O]
S (-catenin S I = 504
_acti ®©
— e F-actin < 0oLl _ i
p-PDK1  p-Akty;;  p-catenin 0- T
PTENflox PTENMKO
10- *%
D E #s = *
9.12 123 8
:, D e
. + X 6
Saline S o
QL 4.
O -
I
a 27
® (@)
o 0-
X T T
2 Saline rHMGB1
*% *%
F 8+ f !
rHMIGB1 = 64
x
T
3 41
Q
X
o
o 2
CD25(gated on CD4 cells) ol i
Saline rHMGB1
FIGURE 4 | Myeloid cell-specific PTEN deficiency is critical for the induction of Tregs in acute lung injury. Mice were given rHMGB1 at 24 h prior to lung tissue, blood,
and cell harvest. (A) The protein was isolated from peritoneal macrophages in PTENfX and PTENM—KO mice after tHMGB1 treatment. The expression of PTEN,
p-PDK1, p-Akt (ser473), and p-catenin was analyzed by Western blots. Representative of three experiments. (B) The density ratio of p-PDK1, and p-Akt (ser473), and
B-catenin. *p < 0.05, **p < 0.01. (C) ELISA-based detection of TGF-B levels in serum from PTENTX and PTENM—KO mice after tHMGB1 treatment. Mean + SD (n=
4-6 samples/group), **p < 0.01. (D) Representative diagrams of CD4TCD25 Foxp3* Tregs in the peripheral blood from PTENX and PTENM—KO mice after
rHMGB1 treatment was analyzed by flow cytometry. (E) The percentage of CD4+CD25+Foxp3™ Tregs in the peripheral blood from PTENfX and PTENM—KO mice
after tHMGB1 treatment (n = 4-6 animals/group), Mean+SD, *p < 0.05. (F) g-PCR analysis of mMRNA expression coding for Foxp3 in peripheral blood T cells from
PTENTOX and PTENM—KO mice after tHMGB1 treatment. Mean =+ SD (1 = 4-6 samples/group), **p < 0.01.

Frontiers in Immunology | www.frontiersin.org

26

July 2019 | Volume 10 | Article 1612


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhou et al.

HMGB1/PTEN/B-Catenin Regulates Treg in Sepsis

correlation. Per comparison two-sided p-values <0.05 were
considered statistically significant. Multiple group comparisons
were performed using one-way ANOVA with the post-
hoc test. The body weight loss was analyzed by using
student’s t-test. All analyses were made using SAS/STAT
software, version 9.4.

RESULTS

Blocking HMGB1 Ameliorates Lung
Damage, Increases TGF-f Production, and
Suppresses Proinflammatory Mediators in

Acute Lung Injury

LPS has been shown to induce HMGBI1 release and triggers
systemic inflammatory response in sepsis (3, 13, 23). Using the
mouse model of LPS-induced ALI, we found that instillation of
LPS significantly increased HMGBI1 levels in BALF compared

to sham controls (Figure 1A, 224.6 £ 33.7 vs. 2.6 £+ 0.33,
p < 0.01). In contrast, neutralized HMGB1 release with
polyclonal anti-HMGBI treatment reduced HMGBI levels (96.9
+ 11.5, p < 0.01). Furthermore, unlike in IgG controls,
anti-HMGBI treatment increased animal survival (Figure 1B,
67.3 vs. 48.5%, p < 0.05) at day 6. The surviving anti-HMGB1-
treated mice continued to appear gained weight from days 4-
10 (Figure 1C, —11.9 to —3.7%, p < 0.05) compared to IgG
controls (—22.7 to —13.6%). Indeed, instillation of anti-HMGBI1
showed less interstitial congestion, inflammatory cell infiltration
and proteinous exudate into the alveoli, compared to mice that
received control IgG (Figures 1D,E, 1.7 & 0.55 vs. 4.3 &+ 0.68,
p < 0.01). The lung permeability index (LPI) was significantly
decreased in anti-HMGBI1 group compared to IgG controls after
LPS instillation (Figure 1F, 0.31 &+ 0.04 vs. 0.42 £+ 0.08, p <
0.05). As TGF-$ might play an important role in the resolution of
lung injury (28), we also measured its levels in BALF. We found
instillation of anti-HMGBI significantly increased TGF-p levels,
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as compared with controls (Figure 1G, 80.35 & 21.74 vs. 33.3 £
10.97, p < 0.01). Indeed, IgG-treated controls showed elevated
levels of IL-17A, IL-23 (p19), and TNF-«a in BALF (Figure 1H),
whereas neutralization of HMGBI significantly reduced these
proinflammatory mediators. These results indicate that HMGB1
is crucial for triggering lung inflammation, whereas inhibition of
HMGBI promotes TGF- yet inhibits proinflammatory cytokine
programs during ALL

Blocking HMGB1 Inhibits PTEN but
Promotes p-Catenin Activation and Tregs
in Acute Lung Injury

PTEN has been shown to promote inflammatory response
by regulating macrophage activation (17). To test whether
HMGBI1 mediates PTEN activation in macrophages during lung
injury, we collected alveolar macrophages from BALF after LPS
instillation. Indeed, IgG control treatment significantly increased
the expression of HMGB1 and PTEN in LPS-stimulated
macrophages. However, blocking HMGB1 in LPS-stimulated
macrophages significantly reduced PTEN and increased (-
catenin expression (Figure S2, Figures 2A,B). Furthermore,
HMGBI1 neutralization decreased serum HMGBI levels, as
compared with controls (Figure 2C, 33.1 & 13.1 vs. 71.2 £ 12.5,
p < 0.01). Unlike in controls, TGF-B levels were elevated in anti-
HMGBI1 group (Figure 2D, 62.5 + 11.3vs. 253+ 12.7, p < 0.01),
accompanied by increased production of CD4TCD25" Foxp3™
Tregs compared to IgG controls (Figure S3, Figures 2E,F,
6.86 = 0.46 vs. 567 = 0.88, p < 0.05) in the peripheral
blood. These results indicate LPS-induced HMGBI activates
macrophage PTEN. Upon LPS treatment, HMGB1 blockade

inhibits PTEN yet promotes B-catenin activation and induction
of CD4+CD25"Foxp3™ Tregs, which might be essential for the
regulation of inflammatory response in LPS-induced ALI

Myeloid Cell-Specific PTEN Is Critical for
the HMGB1-Mediated Inflammatory

Response in Acute Lung Injury

To determine whether myeloid cell-derived PTEN plays a role in
HMGBI1-mediated inflammatory response during lung injury, we
used myeloid cell-specific PTEN knockout (PTENM—KO) mice as
described (22). Indeed, increased animal survival was observed in
PTENM—KO mjce, but not in PTEN* control mice (Figure 3A,
83.5vs.46.6%, p < 0.01) at day 6 after LPS treatment. PTENM—KO
mice exhibited weight gain (Figure 3B, —11.9 to 1.2%, p <
0.05) compared to controls (—22.3 to —13.5%) from days 4-
10. Unlike in PTEN% controls, LPS-induced lung inflammation
was attenuated in PTENM—KO mjce (Figures 3C,D, 2.02 £ 0.32
vs. 3.51 + 045, p < 0.01). Using MPO activity assay, we
found decreased lung neutrophil accumulation in PTENM—KO
mice after LPS stimulation, as compared with PTEN/°* controls
(Figure 3E, 0.67 £ 0.22 vs. 1.06 £ 0.77, p < 0.05). Similarly,
PTENM—KO increased animal survival (Figure 3F, 82.5% vs.
42.5% at day 6, p < 0.01) and body weight (Figure 3G, —6.5 to
1.2% vs. —18.3 to —8.8% from days 4-10, p < 0.01) in contrast to
rHMGBI1-treated PTENX controls. Treatment of PTENM~KO
mice with rHMGBI reduced lung damage (Figures 3H,I, 2.59 &
0.44 vs. 4.22 £ 1.27, p < 0.01), lung neutrophil accumulation
(Figure 3], 0.86 = 0.45 vs. 2.55 £ 0.58, p < 0.005), and
increased the expression of Foxp3 and TGF-f yet depressed
RORyt, IL-17A, TNF-a, and IL-1f in lung tissues (Figures 3K,L,
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p < 0.01). These findings suggest that myeloid PTEN is a  substantially increased Foxp3 expression from rHMGBI-treated
critical mediator for HMGBI1-induced inflammatory response ~ PTENM~KO mice (Figure 4F, p < 0.01). These findings implicate

during ALL that macrophage PTEN deficiency can promote P-catenin
. . . signaling and CD41TCD25" Foxp3™ Treg induction during lung

Myeloid Cell-Specific PTEN Deficiency inflammatory response.

Activates p-Catenin Signaling and Treg . L . .

Induction in Acute Lung Injury Myeloid g-Catenin Signaling Is Essential

We next test whether macrophage PTEN deficiency may affect for the Induction of CD4+CD25* FOXP3+

B-catenin signaling and CD4*CD25%Foxp3* Treg induction  Tregs in Acute Lung Injury

in vivo. We found that myeloid PTEN deficiency increased  To determine the role of PB-catenin activation in producing
phosphorylation of PDK1 and Akt, as well as B-catenin = CD4TCD25%Foxp3™ Tregs, we used myeloid cell-specific B-
expression in peritoneal macrophages after tHMGBI treatment,  catenin knockout (B-catenin™—XO) mice. Indeed, animal survival
as compared with PTENT* controls (Figures4A,B). The rate was decreased in B-catenin™~XC mice, but not in B-
serum TGE-B levels were also increased in rHMGBI-treated  catenin® control mice (Figure5A, 28.5 vs. 58.2%, p <
PTENM~KO mice compared to controls (Figure4C, 128.7 =  0.01) at day 6 after rHMGBI treatment. The body weight
37.7 vs. 351 £ 156, p < 0.01). In contrast to PTENfo*  was decreased in B-cateninM KO mice (Figure 5B, —25.5 to
T cells, we observed significantly increased frequency of 3.2%, p < 0.05) compared to controls (—12.4 to 3.5%)
CD4"CD25%Foxp3* Tregs (Figures4D,E, 8.55 + 0.77 vs. from days 4-10. Unlike in B-catenin®* controls, rHMGB1
461 £ 071, p < 0.05) in the peripheral blood, with  treatment exacerbated lung injury in B-catenin™~XO mice
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FIGURE 8 | Myeloid PTEN deficiency promotes B-catenin signaling and induces CD4+CD25% Foxp3+ Tregs in vitro. The peritoneal macrophages were isolated from
PTENTX and PTENM—KO mice, and then co-cultured with spleen T cells after LPS stimulation for 6 h. (A) The protein was isolated from macrophages in the
co-cultures. The expression of p-PDK1, p-Akt (ser473), and B-catenin was analyzed by Western blots. Representative of three experiments. (B) The density ratio of
p-PDK1, and p-Akt (ser473), B-catenin. *o < 0.05. (C) Representative diagrams of CD41CD251 Foxp3+ Tregs in spleen T cells from co-cultures was analyzed by flow
cytometry. (D) The percentage of CD4TCD25T Foxp3™ Tregs in spleen T cells from co-cultures (n = 4-6 samples/group), Mean =+ SD, **p < 0.01. (E) ELISA analysis
of TGF-B levels in the supernatants from co-cultures. Mean+SD (n = 4-6 samples/group), “o < 0.05. g-PCR analysis of mMRNA expression coding for (F) Foxp3, (G)
RORyt and IL-17A in spleen T cells from co-cultures. Mean + SD (n = 4-6 samples/group), *p < 0.05, **p < 0.01.

(Figures 5C,D, 3.22 £ 0.98 vs. 559 £ 1.84, p < 0.05).
MPO activity assay displayed an increased lung neutrophil
accumulation in B—cateninM_Ko mice after rHMGBI treatment,
as compared with B-catenin® controls (Figure 5E, 4.97 =+
1.34 vs. 2.7 £ 058, p < 0.05). rtHMGBI treatment in f-
cateninM KO mice decreased TGEF-B release (Figure5F, p <
0.001) and Foxp3 expression (Figure5G, p < 0.05) and yet
augmented RORyt, IL-17A, TNF-a, and IL-1p (Figure 5H,
p < 0.05) in lung tissues. Moreover, a reduced frequency
of CD4TCD25%"Foxp3™ Tregs (Figures6A,B, p < 0.01),
accompanied by decreased Foxp3 expression in the peripheral
blood (Figure 6C, p < 0.05) was observed in B-cateninM—KO
mice after rHMGBI1 treatment. These findings implicate
that macrophage P-catenin deficiency reduces TGF-§ release,
Foxp3 expression, and CD4TCD25"Foxp3™ Treg induction

while increasing RORyt/IL-17A, implying the essential role
of B-catenin in the mechanism of CD4*CD25%Foxp3™ Treg
induction during lung inflammatory response.

Disruption of the HMGB1-PTEN Axis
Promotes p-Catenin Signaling and Induces

Tregs in vitro

To further elucidate the potential mechanisms of the macrophage
HMGB1/PTEN/B-catenin signaling in mediating Tregs during
lung injury, we used the macrophage/spleen T cell co-culture
system. We blocked HMGB1 with siRNA transfection in LPS-
stimulated macrophages, and then co-cultured with spleen T
cells. Indeed, HMGBI1 knockdown decreased macrophage PTEN
yet augmented p-PDKI, p-Akt, and B-catenin as compared
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FIGURE 9 | Myeloid B-catenin signaling is essential for the induction of CD4+CD25% Foxp3™ Tregs in vitro. The peritoneal macrophages were isolated from
3—cateninﬂ°x and B—cateninM*Ko mice, and then co-cultured with spleen T cells after LPS stimulation for 6 h. (A) Representative diagrams of
CD41CD25%Foxp3tTregs in spleen T cells from co-cultures was analyzed by flow cytometry. (B) The percentage of CD4+CD25%Foxp3t Tregs in spleen T cells
from co-cultures (n = 4-6 samples/group), Mean + SD. (C) ELISA analysis of TGF-B levels in the supernatants from co-cultures. Mean &+ SD (n = 4-6
samples/group), *p < 0.05. g-PCR analysis of mRNA expression coding for (D) Foxp3, (E) RORyt, and IL-17A (F) in spleen T cells from co-cultures. Mean + SD (n =
4-6 samples/group), *p < 0.05.

with the NS siRNA-treated controls (Figures 7A,B). Staining
spleen T cells from co-cultures by flow cytometry revealed
significantly increased percentage of CD4TCD25% Foxp3™ Tregs
in HMGBI siRNA-transfected cultures, compared to siRNA-
treated controls (Figures 7C,D, 5.94 £+ 0.55 vs. 3.12 £ 0.38,
p < 0.01). Moreover, the HMGB1 knockdown significantly
increased TGF-f levels in co-culture supernatants, compared to
NS siRNA-treated controls (Figure 7E, 88.5 + 26.3 vs. 26.8 £
11.8, p < 0.01). Unlike control cultures, the Foxp3 expression
was significantly increased, whereas IL-17A expression was
suppressed in spleen T cells from HMGBI1 siRNA-transfected
co-cultures (Figures 7F,G). Furthermore, in contrast to PTEN(lox
controls, macrophage PTEN deficiency increased the expression
of p-PDK1, p-Akt, and B-catenin (Figures 8A,B), accompanied
by markedly increased percentage of CD4TCD25%Foxp3t
Tregs (Figures 8C,D, 53 £ 0.43 vs. 2.7 £ 0.33, p < 0.05),
TGF-B levels (Figure8E, 94.6 £ 12.6 vs. 18.3 + 45, p <
0.01), and Foxp3 (Figure 8F) yet reduced RORyt and IL-
17A expression (Figure 8G) in PTEN-deficient co-cultures. To
confirm the importance of B-catenin signaling in the production
of CD4TCD25" Foxp3 Tregs, we further analyzed the frequency
of CD47CD25% Foxp3™ Tregs in spleen T cells after co-culturing
with B-catenin-deficient macrophages. Indeed, a decreased
percentage of CD4TCD25"Foxp3™ Tregs (Figures 9A,B, p <
0.05), with substantially reduced TGF-B levels (Figure 9C, p <

0.05) and Foxp3 expression (Figure 9D, p < 0.05), yet increased
RORyt and IL-17A expression (Figures 9E,F, p < 0.05) was
observed in B-catenin™ KO co-cultures, as compared with f-
cateninfl® controls. Taken together, these findings indicate a
potential mechanism by which disruption of HMGB1/PTEN
axis activates B-catenin signaling and promotes TGF-f, which
contributes to the induction of CD41tCD25"Foxp3™ Tregs
during lung injury in sepsis.

DISCUSSION

In this study, we have demonstrated, for the first time, that the
HMGB1/PTEN/B-catenin signaling represents a novel regulatory
pathway to induce CD41TCD25" Foxp3™ Tregs in sepsis-induced
lung injury.

Using the animal model of ALI, we found instillation of
LPS triggered systemic inflammatory response and induced ALI,
which was accompanied by induction of HMGBI1. Though the
exacerbated lung damage was shown in LPS instilled lungs,
neutralization of HMGB1 with anti-HMGBI1 antibody provided
significant protection against ALI as evidenced by increasing
animal survival and decreasing pulmonary edema. These findings
are consistent with previous reports that intratracheal instillation
of live bacterial or HMGBI1 mediates an acute inflammatory
response characterized by the development of pulmonary edema
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and increased intrapulmonary production of proinflammatory
cytokines (8, 17, 29).

Numerous studies have revealed the ability of
CD47CD25%Foxp3™ Tregs to control immune responses in lung
injury (13, 30-32). In a mouse model of LPS-induced ALI, we
found that increased HMGBI levels mitigated the accumulation
of CD4TCD25%Foxp3™ Tregs leading to exacerbated lung
damage. Interestingly, increasing HMGBI release and protein
expression enhanced PTEN activation on alveolar macrophages
after LPS instillation. However, neutralization of HMGBI
suppressed PTEN, which was accompanied by increased
CD41TCD25%"Foxp3™ Tregs and reduced IL-17A in LPS-treated
mice. Consistent with previous reports that deletion of PTEN
enhanced the expansion of CD4TCD25" Tregs (33), our results
indicate that PTEN might serve as a negative regulator of Treg
peripheral homeostasis during lung inflammation.

Further evidence of PTEN-mediated modulation of Tregs
in ALI was obtained from myeloid cell-specific PTEN
knockout (PTENM-KO) mijce. We found that, in contrast
to the PTENM®X mice, PTENM~XO mijce treated with LPS or
rHMGBI had reduced lung injury, neutrophil accumulation,
proinflmmatory mediators, and increased animal survival.
Moreover, myeloid PTEN deficiency increased p-catenin
expression and phosphorylation of PDK1 and Akt on
macrophages, accompanied by increased peripheral Tregs
and Foxp3 expression yet decreased RORyt and IL-17A. Since
increasing release of HMGB1 induced macrophage PTEN
activation, while deleting myeloid PTEN promoted Tregs, we
believe that PTEN is a mediator in the modulation of innate
and adaptive immunity during lung inflammation. Indeed,
alveolar macrophages are essential for the initiation of innate
immune response by binding the toll-like receptors (TLRs)
(34). In response to TLRs, PTEN activation on macrophages
triggers inflammatory response via regulating PI3K signaling
(35, 36). Notably, our current data demonstrated that myeloid
PTEN deficiency promoted B-catenin activation, consistent with
our previous report that PTEN-mediated B-catenin signaling
regulated Foxol-TLR4 activation in lung inflammation (37),
suggesting the endogenous innate immune signaling most
likely contributes to the Treg induction. Indeed, expression of
stabilized B-catenin controls Treg development and survival (38).
Activation of B-catenin regulates inflammatory response and
promotes anti-inflammatory mediator (39). Thus, our findings
implicate that disruption of macrophage HMGB1 or PTEN, and
activation of B-catenin may be a key pathway in the regulation of
Treg development during lung injury.

The  mechanisms underlying ~ the  macrophage
HMGB1/PTEN/B-catenin signaling-mediated Treg induction
appear to be complex during ALL Our data showed that
HMGBI1 blockade or PTEN loss increased TGF-p release.
However, reduced TGF-f release was observed from B-catenin
deficient-macrophages in response to rHMGBI1 stimulation.
This is consistent with previous report that B-catenin was
required for the TGF-B production to regulate immunity
during inflammatory response (39). Indeed, TGF- is a potent
regulator of the immune and inflammatory system. In vitro
stimulation of naive CD4™ T cells in the presence of TGF-B

increased the expression of CD4TCD25"Foxp3™ associated
with in vivo suppressive activity during lung inflammatory
response (40). Disruption of TGF-f impaired the development of
Foxp3™ Tregs and may lead to the multifocal inflammatory cell
infiltration and multiorgan failure in mice (28, 41). Moreover,
TGF-p inhibited RORyt activity and Th17 cell differentiation
in human CD4" T cells (42). TGF-B-induced Foxp3 inhibited
Th17 cell differentiation by regulating RORyt function (43).
TGF-B promoted the development of Treg and expansion
Foxp3™'-expressing CD4TCD25" Tregs in wvivo (44, 45).
Lung-resident tissue macrophages can generate Foxp3™ Tregs
through increasing TGF-f expression (46). Consistent with this
notion, we found increased TGF-f expression and secretion
by alveolar macrophages were accompanied by increased
CD41CD25"Foxp3™ Tregs and reduced RORyt/IL-17A after
anti-HMGBI1 treatment or myeloid PTEN deletion in our
animal models. This implies that TGF-B may be essential for
the induction of CD41tCD25%Foxp3™ Tregs during HMGB1-
induced inflammatory response. On the other hand, we found
HMGBI1 knockdown markedly inhibited macrophage PTEN
expression in the co-culture system. This is consistent with
deletion of myeloid PTEN, which increased the expression of
PDKI1, Akt, and p-catenin. Although PTEN deficiency increased
the frequency of CD4TCD25" Foxp3™ Tregs, ablation of myeloid
B-catenin resulted in reduced CD4TCD25"Foxp3™ Tregs and
increased RORyt/IL-17A. Indeed, our previous study has shown
that disruption of PTEN increased P-catenin, which in turn
promoted PI3K/Akt signaling to native feedback to regulate
TLR4-driven inflammatory response (47). Increased B-catenin
activity enhanced TGF-p production on macrophages, whereas
B-catenin deficiency lost the ability to produce TGF-f, myeloid
cell motility and adhesion leading to impairing tissue repair
(48). Hence, the HMGB1/PTEN/f-catenin signaling regulates
Treg induction through multiple signaling pathways. Recent
works indicated that PDK1, a downstream of PI3K signaling,
plays an important role in the regulation of Treg function (21).
PDKI1 deficiency suppressed Treg accumulation while increasing
IL-17-expressing population leading to enhancing inflammatory
response (21). Activation of Akt by PDKI1 phosphorylation
promoted Tregs and enhanced their suppressive capacity to
the Th17 cell differentiation (20). Furthermore, increased Akt
phosphorylation enhanced P-catenin transcriptional activity
(49). Activation of B-catenin is essential for the stimulation of
Treg induction while inhibition of inflammatory T cells (39).
These data are consistent with our results that activation of
PDK1/Akt/B-catenin enhanced Treg induction and suppressed
IL-17A transcription regulated by RORyt in vitro and in vivo.
Although our current study was based on the primary ALI
and it might have some modified signaling pathways with
secondary ALI (systemic inflammation), our findings suggest
that HMGB1/PTEN/B-catenin signaling is critical to contribute
to the induction of CD4TCD25% Foxp3™ Tregs in sepsis-induced
lung injury.

In the present study, we observed that HMGBI can be induced
in endotoxin-stimulated macrophages during sepsis. HMGB1
induction activates PTEN and inhibits PI3K/PDK1/Akt leading
to suppressed P-catenin activity, which then decreases TGF-p
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release from macrophages, results in diminished Foxp3™ Treg
induction. Blockade of HMGBI1 or macrophage PTEN deletion
activates PI3K/PDK1/Akt and p-catenin signaling, which in turn
enhances macrophage TGF- leading to increased Foxp3 Treg
induction while inhibiting Th17 cell differentiation during sepsis-
induced lung injury.

In conclusion, the macrophage HMGB1/PTEN/B-catenin
signaling displays a distinct capacity to regulate the development
of CD4TCD25"Foxp3™ Tregs during lung inflammation.
Induction of Tregs ultimately alleviated inflammatory response
and facilitated resolution of lung injury. By identifying the
regulatory pathway of HMGBI1/PTEN/B-catenin signaling on
Treg induction, our studies provide the rationale for novel
therapeutic strategies for treating sepsis-induced lung injury.
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Vergata”, Rome, Italy, ° Institute of Immunology, University Clinics Ulm, Ulm, Germany

In normal conditions gut homeostasis is maintained by the suppressive activity of
regulatory T cells (Tregs), characterized by the expression of the transcription factor
FoxP3. In human inflammatory bowel disease, which is believed to be the consequence
of the loss of tolerance toward antigens normally contained in the gut lumen, Tregs have
been found to be increased and functionally active, thus pointing against their possible
role in the pathogenesis of this immune-mediated disease. Though, in inflammatory
conditions, Tregs have been shown to upregulate the T helper (Th) type 1-related
transcription factor Thet and to express the pro-inflammatory cytokine IFNy, thus
suggesting that at a certain point of the inflammatory process, Tregs might contribute
to inflammation rather than suppress it. Starting from the observation that Tregs isolated
from the lamina propria of active but not inactive IBD patients or uninflamed controls
express Thet and IFNy, we investigated the functional role of Th1-like Tregs in the dextran
sulfate model of colitis. As observed in human IBD, Th1-like Tregs were upregulated
in the inflamed lamina propria of treated mice and the expression of Tbet and IFNy in
Tregs preceded the accumulation of conventional Th1 cells. By using a Treg-specific
Tbet conditional knockout, we demonstrated that Tbet expression in Tregs is required
for the development of colitis. Indeed, Thet knockout mice developed milder colitis and
showed an impaired Th1 immune response. In these mice not only the Tbet deficient
Tregs but also the Tbet proficient conventional T cells showed reduced IFNy expression.
However, Tbet deficiency did not affect the Tregs suppressive capacity in vitro and in vivo
in the adoptive transfer model of colitis. In conclusion here we show that Tbet expression
by Tregs sustains the early phase of the Th1-mediated inflammatory response in the gut.

Keywords: Treg cells, Tbet, Th1-like Tregs, inflammatory bowel disease, inflammation

INTRODUCTION

In homeostatic conditions, the gastrointestinal tract is patrolled by immune cells which are in
charge to fight against pathogens. At the same time, the intestinal mucosal immune system tolerates
harmless antigens contained in the gut lumen. The unbalance between these pro-inflammatory and
tolerogenic activities is believed to cause inflammatory bowel disease (IBD), whose main forms are
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Crohn’s disease (CD) and ulcerative colitis (UC). In IBD, antigens
normally contained in the gut lumen derived from the gut
microbiota or introduced with diet, cause an excessive activation
of the immune system leading to chronic inflammation and
irreversible tissue damage (1).

Regulatory T cells (Tregs) are a class of T cells which
negatively control the pro-inflammatory activity of adaptive
and innate immune cells and they play a key role in
the maintenance of the gut immune homeostasis (2).
In the absence of Tregs, as observed in case of loss-
of-function mutations of the Tregs lineage committing
transcription factor foxp3 (i.e., IPEX syndrome in humans,
scurfy mice) (3, 4), or in case of functional mutations
of genes encoding for molecules involved in the Tregs
suppressive activity such as CTLA4 and IL10, an uncontrolled
activation of the immune system in the gut is invariantly
observed (5-7).

Despite the pivotal role of Tregs in the maintenance of gut
homeostasis, the number of Tregs is not reduced in the lamina
propria of IBD patients and they result even increased in the
inflamed areas (8, 9). Moreover, Tregs isolated from IBD patients
were shown to be as suppressive as Tregs isolated from non-IBD
controls (10). Therefore, the role of Tregs in the pathogenesis of
IBD remains elusive.

Although considered finally differentiated cells, Tregs have
been recently shown to have a certain functional plasticity.
For instance, Tregs can acquire the expression of the master
transcription factors that define the T helper cell subsets they
are suppressing (11, 12). In this context, the expression of Tbet
by Tregs, as observed in Thl immune responses induced by
Mpycobacterium sp. infection, has been shown to induce the
expression of the chemokine receptor CXCR3 and to promote
the Tregs homing at the site where Th1 cells need to be kept in
check (13).

Although Tbet expressing Tregs do not normally
secrete pro-inflammatory cytokines and maintain their
suppressive capacity, in certain conditions they can acquire

a Thl-like phenotype characterized by IFNy secretion
and pro-inflammatory functions (14, 15). Moreover,
several reports indicate that IFNy -expressing Thl-

like Tregs are involved in the pathogenesis of different
inflammatory diseases (16-18). Although IFNy expressing
Thi-like Tregs have been described in models of intestinal
inflammation (19, 20), the presence of these cells in human
IBD and their functional role in intestinal inflammation
remain unclear.

Here, we provide evidence that IFNy-expressing cells
accumulate in the inflamed tissue of both CD and UC patients.
We also demonstrate that mice developing chemically-induced
colitis are characterized by an increased number of IFNy-
expressing Thl-like Tregs in the intestinal lamina propria
and that their upregulation precedes the accumulation
of conventional Thl cells. Finally, by generating Treg-
specific Tbet conditional knockout mice, we demonstrate
that pro-inflammatory Thl-like Tregs are required for the
development of intestinal inflammation.

MATERIALS AND METHODS

Patients

Intestinal biopsies of IBD patients (Ileal CD n = 8; colonic
CD n = 5; active UC n = 7; inactive UC n = 5), and
patients undergoing intestinal surgical resection for pathologies
unrelated to IBD, including intestinal tumors (ileal controls
n = 7; colonic controls n = 5) were obtained from the Policlinico
Tor Vergata, Rome, Italy and IRCCS Ospedale Maggiore
Policlinico di Milano, Milan, Italy. The clinical characteristics
and concomitant therapies of IBD patients are summarized in the
Supplementary Table 1. Disease extent of UC and localization
and behavior of CD were described according to the Montreal
classification for IBD. Local Ethics Committees (Tor Vergata
University Hospital, Rome. Protocol number:154/12).

Mice
All mice used were on C57BL6 genetic background and were
housed and bred under specific pathogen-free conditions in
a facility located in Castel Romano, Rome. To generate the
FoxP3 reporter mice, FoxP3eGFP-Cre knock-in mice (kindly
provided by A. Rudensky, MSKCC, NY, USA) which bear
the coding sequence for the green fluorescent protein/iCre-
recombinase fusion protein knocked-in the FoxP3 locus were
crossed with the Rosa26-tdRFP mice (kindly provided by Hans
Joerg Fehling, University of Ulm, Germany). tdRFP mice bear
a mutation consisting in a reporter allele for Cre activity that
expresses a non-toxic tandem-dimer red fluorescent protein
(tdRFP) following Cre-mediated deletion of a floxed neo/stop
cassette. Treg-specific Tbx21 conditional knockout mice were
generated crossing FoxP3 reporter mice with mice bearing the
floxed Tbx21 allele (Tbx21ﬂ/ ﬂ JAX, Bar Harbor, ME, USA).
In these mice, Cre expression, under control of the FoxP3
promoter, cause the deletion of Tbx21 floxed exons leading to
gene inactivation selectively in Tregs. Both FoxP3 reporter and
Treg specific Tbet conditional knockout mouse strains were
vital and born in the expected mendelian ratios with sign of
spontaneous disease up to 12 months. IFNy knockout mice were
purchased from Jackson Laboratories (JAX, Bar Harbor, ME,
USA). All animal experiments were performed in accordance
with the local institutional guidelines. Male mice (6-8 weeks old)
were used for all the experiments.

Authorization No: 324/2006-PR issued by the Ministry
of Health on 29/03/2016 and in compliance with European
rules (2010/63/UE).

Experimental Colitis
Chemically-induced colitis was induced in FoxP3 reporter,
conditional Tbx21 knockout and IFNy knockout mice. Mice were
treated with 2% dextran sulfate sodium (DSS, TdB Consultancy
AB, Uppsala, Sweden) in drinking water for 7 days followed
by normal drinking water until day 10. Body weight was
monitored daily.

Adoptive transfer model of colitis was performed by injecting
i.p. 6-8 weeks old RAG1-deficient mice with 4 x 10° FACS sorted
CD4+CD45RB"8" cells from splenocytes of wild type C57BL6
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mice alone or together with the same number of Tregs isolated
from the spleen of FoxP3“Tbx21""/"t or FoxP3CreTbx211/
mice. Body weight was monitored every other day.

Endoscopic Procedures
The development of DSS-induced colitis in mice was assessed by
micro-endoscopy as previously described (21).

Histologic Analysis of Colon Cross

Sections
Colonic cross sections were stained with H&E, and the severity of
inflammation was evaluated as previously described (22).

Isolation of Leukocyte Subpopulations and
Flow Cytometry Analysis

Human lamina propria mononuclear cells (LPMC) were isolated
according to standard protocols. Briefly, the dissected intestinal
mucosa was freed of mucus and epithelial cells in sequential
steps with DTT (0.1 mmol/L) and EDTA (1 mmol/L) (both from
Sigma, Milan, Italy) and then digested with collagenase D (400
U/ml) (Worthington Biochemical Corporation, Lakewood, NJ)
for 5h at 37°C. LPMC were then separated with a Percoll gradient
and cultured in complete RPMI 1640 medium containing
5% human serum (Sigma, Milan, Italy) and 100 U/ml IL-2
(Proleukin, Novartis, Switzerland). Cells suspension was stained
with anti-CD4 clone RPA-T4 (Biolegend, San Diego, California),
anti-Foxp3 clone PCH101 (eBioscience, Thermo Fisher scientific,
Italy), anti-Tbet clone 04-46 (BD Pharmigen, Milan, Italy) and
anti IFNy clone 4s.b3 (Biolegend, San Diego, California) after
5h stimulation with 40 ng/ml phorbol 12-myristate 13-acetate
(PMA) and 1 pug/ml ionomycin (Sigma Aldrich, Milan, Italy), in
the presence of 2 nmol/l monensin (eBioscience, Thermo Fisher,
Italy) according to standard protocols.

Mouse LPMC were obtained according to Lamina Propria
Dissociation Kit mouse protocol (Miltenyi Biotech, Bergisch-
Gladbach, Germany). Colonic Lamina Propria Mononuclear
Cells (LPMC) were stained with LIVE/DEAD® staining (Life
Technology, Milan, Italy) and with surface fluorochrome-
conjugated antibodies against CD3 clone 500A2, CD4 clone
GK1.5 (BD Pharmingen, Milan, Italy). Permeabilization and
intracellular staining with conjugated anti-Tbet clone Q313778,
anti-IFNy clone XMG1.2 or anti-IL10 clone JES5-16E3 (BD
Pharmingen, Milan, Italy), were performed after 5h stimulation
with PMA/ionomycicn. Cells were acquired with a FACS
VERSE® (BD Bioscience, San Jose, CA) gating on living cells and
the data were analyzed with FlowJo software (BD).

In vitro Induction of Th1-Like Tregs

In some experiments CD44 T cells were magnetically sorted
from splenocytes by using the CD4+ T Cell Isolation kit mouse
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to
the manufacture’s protocol. At least 97% purity was verified by
flow cytometry before each experiment. To induce Tbet and
IENy expression, CD4+ T cells were polyclonally activated in
RPMI 1640 10% FBS (Lonza, Basel, Switzerland) with plate
bound anti-CD3 (clone 145-2C11, eBioscience, Thermo Fisher
scientific, Italy) and 1 mg/ml anti CD28 (clone 37.31, eBioscience,

Thermo Fisher scientific, Italy). In some experiment CD4+ T
cells were cultured in the presence of 10 mg/ml anti mouse IFNy
neutralizing antibody (clone XMG1.2, eBioscience, Thermo
Fisher scientific, Italy) or the isotype control IgG2a. FACS sorted
FoxP3+ Tregs were cultured in RPMI1640 10% FBS for 24h
in the presence of plate bound anti-CD3, 10 pg/ml anti-CD28,
20 ng/ml mouse recombinant (mr)IL2 (R&D Systems, Abingdon,
UK) and 100 ng/ml mrIFNy or 15ng/ml mrIL12 or 10 ng/ml
mrIL23 or 20 ng/ml mrIL6 or 50 ng/ml mrIL21 (R&D Systems,
Abingdon, UK).

Cell Proliferation Assay

105 FACS-sorted CD4+CD45RBhigh responder (R) cells were
labeled with CellTrace®-violet (Thermo Fisher scientific, Italy)
according to manufacturer’s instruction and co-cultured with
sorted CD4+4FoxP3+ Tregs suppressor (S) from splenocytes
of FoxP3C¢Tbx21"/"t or FoxP3CreTbx21/1 at different ratios
in the presence of plate bound anti-CD3 clone 145-2C11 (BD
Pharmigen, Milan, Italy) and 10* sorted CD90- splenocytes
used as antigen-presenting cells. CellTrace® fluorescence was
evaluated after 5 days co-culture and the fraction of non-
proliferating cells used as suppression index.

RNA Extraction, Complementary DNA

Preparation, and Real-Time PCR

Total RNA was isolated with the PureLink® RNA Micro Kit
(Thermo Fisher scientific, Italy) for in vitro experiments and
with PureLink® RNA Mini Kit (Thermo Fisher scientific, Italy)
for tissue, according to the manufacturer’s recommendations.
Reverse transcription into ¢cDNA was performed with the
Superscript III Reverse Transcriptase kit (Invitrogen, Thermo
Fisher scientific, Italy) according to the manufacturer’s
protocol and then amplified by real-time PCR using iQ
SYBR Green Supermix (Bio-Rad Laboratories, Milan, Italy).
PCR was performed by using the primers described in the
Supplementary Table 2. RNA expression was calculated relative
to the housekeeping beta-actin gene expression on the base of
the ACt algorithm.

Statistics

The Mann Whitney test and the unpaired student’s t-test were
used to evaluate differences between the two experimental
groups after checking for normal distribution of data. Statistically
significant differences between groups are indicated (*P < 0.05;
P < 0.01; P < 0.001). Statistical analysis was done performed
using GraphPad Prism software (Graphpad Software Inc., San
Diego, CA, USA).

RESULTS

Th1-Like Tregs Are Up-Regulated in Active
IBD

In a first set of experiments we aimed to assess the presence of
Th1-like Tregs, characterized by the expression of Tbet and IFN-
vy in the gut of IBD patients. To this end, mucosa biopsies were
collected from the most inflamed intestinal areas of UC (n = 7)
and CD (n = 8) patients. Biopsies from inactive UC (n = 5) were
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FIGURE 1 | Lamina propria (LP) FoxP3+CD4+ T cells from IBD patients express IFNy. (A) Flow cytometric analysis of IFNy expression in CD4+FoxP3+ regulatory T
cells (Tregs) and CD4+FoxP3- conventional T cells (ConvT) cells from LP cells of IBD patients and controls: gating strategy. (B) Flow cytometric analysis of IFNy
expression in Tregs (upper panel) and ConvT (lower panel) from ileal Crohn’s disease (CD; n = 8), control ileum (n = 7), colonic CD (n = 5), active ulcerative colitis (UC;
n =7), inactive UC (n = 4), and control colon (n = 5). (C,D) Representative dot plot representing FoxP3 and Tbet expression in LP CD4+ T cells (C) and Tbet and
IFNy expression in LP FoxP3+CD4+ T cells (D) from IBD patients. (E) Frequency of IFNy+ cells among Tbet+ and Tbet- Tregs in CD (n = 4) and UC (n = 3) patients.
Numbers in the dot plot quadrants and histograms represent the relative frequency of cell subpopulations. Horizontal bars in (B,D) represent the mean value +SD.
*p < 0.05; **p < 0.01.

also collected. As controls, samples of normal ileal (n = 7) and
colonic mucosa (n = 5) were taken from patients undergoing
surgical resection for colonic neoplasia. As shown in Figure 1A,
IENy was expressed in both FoxP3 negative conventional T cells
(ConvT) and Foxp3+ Tregs. As expected, ConvT cells from CD
patients expressed more IFNYy as compared to controls. Similarly,

ConvT cells from active UC expressed more IFNy as compared to
both inactive UC and control samples (Figure 1B, upper panel).
Concerning Tregs, about 30% of the FoxP3+ cells from the
inflamed ileal and colonic mucosa of CD patients expressed IFNy
and their frequency was significantly higher than their relative
controls. In UC, the frequency of Tregs-expressing IFNy was
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about 20% and this was significantly higher than that observed in
both inactive UC patients and colonic controls (Figure 1B, lower
panel). Similarly to ConvT cells, a proportion of Foxp3+Tregs
from inflamed IBD co-expressed the Thl-related transcription
factor Tbet (Figure 1C) but IFNy was exclusively expressed by
Tbet+ Tregs in both CD and UC (Figures 1D,E). These results
suggest that Thl-like Tregs, characterized by the expression of
Tbet and IFNy, might play a role during the inflammatory flares
in IBD patients.

Th1-Like Tregs Are Upregulated in the
Early Phase of Inflammation in the DSS
Model of Colitis

To investigate the functional role of Thl-like Tregs in the
development of intestinal inflammation, we first assessed
whether Tbet-expressing Tregs were generated during intestinal
inflammation induced in mice after oral administration of
dextran sodium sulfate (DSS). This model is characterized by
the induction of a potent Thl immune response secondary to
the damage of the intestinal epithelial barrier and increased
permeability to luminal antigens. To this end, we used
FoxP3CFP~CreRos5a26'RFP fate mapping reporter mice. In these
mice, Tregs are characterized by the double expression of
eGFP and tdRFP fluorescence (Supplementary Figures 1A,B).
Reporter mice were treated with DSS for 7 days and
sacrificed at day 10, when the peak of inflammation occurred
(Supplementary Figure 1C). At the end of the experiment,
Tbet-expressing Tregs increased in the lamina propria of DSS
treated mice as compared to untreated controls (Figure 2A).
Interestingly, in this early phase of colitis, the frequency of
Tbet positive cells among Treg but not eGFP/tdRFP double
negative ConvT cells increased during inflammation (Figure 2B).
However, in terms of absolute numbers, both Tbet4 ConvT and
Treg cells resulted increased in treated mice as compared to
controls (Figure 2C) thus suggesting that the accumulation of
Tbet-expressing Tregs in the lamina propria during the initial
phase of inflammation might be proportionally greater than
that of ConvT cells. Accordingly, the number of Tbet+ Tregs
represented one third of all the CD4+ Tbet+ cells infiltrating
the lamina propria at this time point as compared to one tenth
in the untreated mice. Since IFNYy expression distinguishes Tbet-
expressing Tregs with Thl-specific suppressive capacity from
Th1-like pro-inflammatory Tregs, we assessed IFNy expression
by lamina propria Tregs in our model. The frequency of IFNy
positive cells resulted increased among Tregs in DSS treated mice
as compared to the untreated controls (Figure 2D). Similarly to
Tbet expression, the frequency of IFNy -positive cells remained
stable among ConvT cells (Figure 2E) while the absolute number
of both ConvT and Treg cells expressing IFNYy resulted increased
in the treated mice, the Thl-like Tregs representing one third
of the total IFNy-secreting CD4+ T cells (Figure 2F). Taken
together, these data indicate that in a colitis model characterized
by the alteration of the epithelial barrier, Tregs acquire a Th1-like
phenotype characterized by Tbet and IFNy expression. In order
to investigate how early Thl-like Tregs appeared during colitis

development, we performed a time course experiment in which
mice were sacrificed at day 3, 6, and 10 of the DSS protocol.
At day 3 and 6, DSS treated mice were characterized by none
or mild colitis as shown by histological score of colitis severity
(Figures 3A,B). The frequency of Tbet-expressing Tregs but not
ConvT cells increased by day 6 as compared to untreated mice
when only mild signs of colitis were observed (Figures 3C,D)
prompting us to hypothesize that Th1-like Tregs might represent
a “ready-to-use” source of IFNYy supporting the early stage of
Thl-mediated immune response.

IFN-y Plays a Non-redundant Role in the
Induction of Th1-Like Tregs Both in vitro

and in vivo

To test the hypothesis that Tbet induction and IFNYy expression
in Tregs might be induced during T cell activation to support the
development of Thl cells, total CD4+ T cells sorted from the
spleen of FoxP3CFP~CreRosa26'RFP were polyclonally activated
in vitro for 48h or left unstimulated, and Tbet and IFNy
expression evaluated by flow cytometry. Activated but not resting
cells upregulated Tbet and IFNy in both Treg and ConvT cells
(Figure 4A). Tbet resulted upregulated as early as 12h after
stimulation in both Tregs and ConvT and their relative number
progressively increased reaching 85 and 60%, respectively, at
48h (Figure 4B). Tbet expression was higher among Tregs than
ConvT cells at each time point. IFNy was expressed by a
small fraction of cells after 12 and 24h and increased at 48h
(Figure 4C). At this time point, 65 and 25% of Tregs and ConvT
cells, respectively, resulted IFNYy positive. These results indicate
that in the gut, Tregs are poised to rapidly upregulate Tbet
and IFNy after activation. IFNy has been shown to induce the
expression of Tbet in FoxP3+- cells. Accordingly, sorted FoxP3+
Tregs failed to upregulate Tbet after activation in the absence
of IFNy, while the addition of IFNY to the cell culture medium
but not other cytokines (i.e., IL12, IL23, IL6, or IL23), induced
Tbet expression (Supplementary Figure 2A). To assess whether
IFNy was required to induce Tbet expression in our in vitro
system, CD4+ T cells were activated in the presence or absence
of neutralizing anti-IFNy antibodies. In the presence of anti-
IFNY, Tbet expression and IFNYy secretion were reduced in both
Tregs and ConvT, being the suppressive effect prevalent in the
latter (Figure 5A). Moreover, the magnitude of IFNy suppression
among ConvT cells resulted bigger than the one observed in
Tregs at each of the analyzed time points (Figures 5B,C).

To confirm in vivo the role of IFNY in the induction of Th1-
like Tregs during colitis, IFNyPet and IFNyX° mice underwent
the DSS protocol and LPMC were analyzed at day 10. As
previously reported, IFNyX® mice developed milder disease as
shown by the lower weight loss as compared to the TFNyHet
control mice [Supplementary Figure 2B; (23)]. At the end of the
experiment, Tbet expression resulted suppressed in the lamina
propria Tregs of IENyX° mice as compared to the heterozygous
controls (Figure 5D) thus demonstrating that IFNy plays a
non-redundant role in the induction of Thl-like Tregs during
intestinal inflammation.
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Th1-Like Tregs Are Required for the differences were observed in il17a, il6, il22, and il10 expression

Development of DSS Colitis (Figure 6E). ifny and tnfa, were the most downregulated
To assess the role of Thl-like Tregs n the development of  cytokines in FoxP3“*TBX21%/% mice, with a reduction by
colitis, we crossed FoxP3¢GFP—CreRogad6ldRFP  mice with 10 and 5-fold respectively (Figure 6F). Finally, il12p35 but
mice carrying floxed TBX21 alleles (TBX21%/%) to obtain a  not il23p19 were reduced in knockout mice as compared to
Treg-specific Tbet conditional knockout mouse (from here  control mice (Figure 6G). These data indicate that the reduced
on indicated as FoxP3CreTBX21VM).  FoxP3CreTBX211/1  inflammation observed in FoxP3Tbx211/f mice was caused
and the FoxP3CTBX21%Y"' mice, used as control, were neither by a defect in the Th17-mediated immune response
treated with DSS as described above. FoxP3*TBX21%/l mice  nor to an increased expression of anti-inflammatory cytokines
showed milder weight loss and lower endoscopic grade of  but rather by a reduced expression of Thl-related cytokines.
colitis severity as compared to FoxP3“"*TBX21"Y“' mice  Since the frequency of Tregs, ex-Tregs and ConvT, based on the
(Figures 6A,B). Accordingly, at the end of the experiment, expression of the endogenous fluorescence eGFP and tdRFP,
FoxP3°*TBX21%/1 mice were characterized by milder colitis  did not differ between Tbet knockout mice and the controls
than controls, as shown by the histology score (Figure 6C)  (Supplementary Figure 3A), to investigate whether the milder
and the lower expression of the neutrophil-related marker  inflammatory phenotype shown by FoxP3eTbx21/1 was due
Icn-2 mRNA (Figure 6D). The cytokine profile analysis showed  to the increased suppressive capacity of Tregs in the absence of
reduced ifny and tnfo mRNA expression while no significant ~ Tbet, Tregs from FoxP3°Tbx21/1 and FoxP3CrTbx21"t/"t
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were co-cultured with CellTrace®-violet-labeled wild type
CD45RBM8" naive T cells used as responder cells. In these
experiments no difference in the suppressive capacity of wild type
and Tbet knockout Tregs cells was observed at each responder-
to-suppressor cell ratios (Supplementary Figure 3B). No
difference was also observed when Tregs from FoxP3¢¢Tbx211/
and FoxP3%Tbx21"Y/"! were used in vivo in the adoptive
transfer model of colitis (Supplementary Figure 3C) as
previously reported (24, 25). Finally, the frequency of IL10-
expressing Tregs isolated from the colon of either DSS-treated

the lower inflammation observed in FoxP3Tbx21/1
mice is unlikely due to an enhanced suppressive capacity of
Tbet-deficient Tregs.

Conventional Th1 Cells Development
Requires the Presence of Functional
Th1-Like Tregs

In order to assess whether the phenotype shown by
FoxP3°¢TBX21%/f1 mice was caused by impaired Thl cells

FoxP3°eTbx21/1 or FoxP3CTbx21"/" did not differ  in the absence of IFNy-secreting Th1-like Tregs, LPMC from
(Supplementary Figures 3D,E). These data suggest that  FoxP3CreTBX21/f and FoxP3CeTBX21""/"t mice were isolated
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FIGURE 6 | severity grading of knockout and control mice at the end of one representative experiment (Day 10). (C) Representative histological section from the
colons of FoxP3 knockout and control mice at the end of the experiment and cumulative histologic severity scoring of the experiment shown in (A). lcn-2 (D) and
cytokine (E,G) mRNA expression in the colon tissue of DSS-treated FoxP3 knockout and control mice. Vertical bars indicate the average +SD analyzed in the pool of
mice from four independent experiments. (F) Fold change of cytokine mRNA expression, as indicated, in FoxP3 knockout mice relative to control mice. *p < 0.05;

b < 0.01.

at the end of the DSS treatment and analyzed by flow cytometry.
As expected, Tbet-expressing FoxP3+ cells were virtually absent
in FoxP3“*TBX21"1 mice while about 20% of FoxP3+ cells
from FoxP3“"*TBX21"Y"' control mice co-expressed Tbet
(Figures 7A,B). Interestingly, in TBX21 deficient mice, Tbet+
cells were also reduced by 3-fold among ConvT cells thus
indicating that the expression of Tbet in Tregs is required
for the development of Thl cells in the inflamed colon. The
expression of IFNy in ConvT cells was also significantly
reduced in the absence of Tbet-expressing Tregs (Figures 7C,D).
The reduced expression of Tbet and IFNy resulted to be
specific for CD44 ConvT cells since their expression remained
unaffected in CD8+ cells from FoxP3“TBX21%/1 inflamed
mice (Supplementary Figures 4A,B). Since LPMC from DSS-
treated FoxP3CTBX21%/1 mice showed reduced expression of
p35IL12, we wondered whether the defective induction of Tbet
in ConvT cells in the presence of Tbet deficient Tregs observed
occurred independently of innate immune cells. To this end, total
CD4+ T cells isolated from the spleen of FoxP3“*TBX211/1 or
FoxP3CTBX21%Y"! control mice were polyclonally activated in
the absence of antigen presenting cells. After 12 h, the induction
of Tbet in ConvT cells from FoxP3“*TBX21%"/f mice resulted
suppressed as compared to controls (Figures 8A,B). In keeping
with Tbet expression, IFNy+ cells were significantly reduced in
both Tregs and ConvT cells from FoxP3°TBX211/f mice as
compared to FoxP3 " TBX21"Y/"t cells (Figure 8C).

DISCUSSION

Tregs have been for long considered terminally differentiated,
phenotypically stable cells characterized by suppressive capacity.
Tregs are crucial for tolerance toward self and harmless
antigens. However, the observation that inflammation can
induce pro-inflammatory features in Tregs has challenged this
concept. The phenotypic changes that may affect Tregs in
different inflammatory conditions, are summarized by the terms
“stability” and “plasticity.” As for stability, it is meant the
loss of FoxP3 expression and the subsequent acquisition of
an effector phenotype (26-28). Although this phenomenon
has been observed in animal models of immune mediated
diseases, it might be circumscribed to a subset of not fully
differentiated Tregs in which room for reprogramming in
inflammatory conditions still exists (29). Nevertheless, Tregs
have been shown to transiently or permanently express T-helper-
master regulator transcription factors while maintaining FoxP3
expression. Though, the functional role of these phenotypical
changes remains unclear. The expression of Tbet in Tregs has
been shown to be required to efficiently control Thl cells. Koch
et al. demonstrated that the IFNY released in the inflammatory

environment induces Tbet in Tregs and that Tbet is required
for the expression of the chemokine receptor CXCR3 to address
Tregs at the site of inflammation where Th1 cells needs to be kept
in check (13). However, in other conditions, the expression of
Tbet in Tregs has been associated with the acquisition of a Th1-
like pro-inflammatory phenotype characterized by the expression
of IFNy driven by IL12 signaling (14, 15).

The presence of Th1-like Tregs has been observed in different
pathologic conditions such as multiple sclerosis (MS) (18),
type 1 diabetes (T1DM) (17), autoimmune hepatitis after liver
transplant (30), and in animal models of intestinal inflammation
(19, 20). Although Tregs have been shown to accumulate in
patients affected by IBD, a direct characterization of Thl-like
Tregs in this pathologic condition and their functional role in
intestinal inflammation is currently missing.

In this study we showed that active IBD is characterized by the
accumulation of a sizable fraction of Tregs expressing both Tbet
and IFNy. Since Thl-like Tregs were upregulated in inflamed
areas but not in patients with endoscopic disease remission or
in uninflamed controls, we hypothesized that Thl-like Tregs
could contribute to the inflammatory flares characterizing the
relapsing-remitting inflammation observed in IBD. To address
this issue, we investigated the role of Thl-like Tregs in the
dextrane sodium sulfate (DSS) model of colitis. Similarly to
human IBD, Th1-like Tregs accumulated in the inflamed colon.
In this model, the upregulation of Tbet and IFNy in Tregs
preceded that of conventional CD4+4 T cells (ConvT) and at
day 10 the number of Thl-like Tregs represented one third
of the total IFN-y expressing CD4+ T cells. These findings
are in agreement with the data reported by Feng et al. in the
CBir-1 model of intestinal inflammation (19). In this model
the transfer of colitogenic naive CD44 T cells specific for the
immunodominant commensal antigen, CBirl flagellin (CBir-
1Tg) but not of naive CD4+ T cells from OTII mice which do
not induce colitis in immune-deficient TCRb/d~/~ mice was
associated to the generation of IFNy-expressing Th1-like Tregs.
Similarly, intestinal inflammation developing in TLR4- and IL10-
deficient mice was accompanied by the accumulation of Th1-like
Tregs. Thus, the induction of Thl-like Tregs characterizes the
development of intestinal inflammation and it can be reproduced
in different mouse models (20).

In agreement with previously published data, IFNy was the
main inducer of Tbet in Tregs both in vitro and in vivo (13-
15). Indeed, the IFNYy neutralization in cell cultures of activated
CD4+ T cells and the analysis of IFNYy deficient mice treated with
DSS, demonstrated that I[FNy is required for the induction of
Tbet in the lamina propria Tregs. In contrast to Tbet expression,
IFNy secretion by Tregs has been shown to be dependent on
IL12 stimulation and intracellular STAT4 activation. Indeed, the
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prolonged expression of Tbet in Tregs induces the activation of
the IL12 receptor locus in Tregs making these cells responsive
to IL12 and inducing the expression of IFN-y (15). In our
in vitro system Tregs expressed IFNy in the absence of IL12,
thus indicating that Tbet expression is sufficient to induce
the expression of IFNy, not excluding the possible boosting
effect of IL-12 in these cells. Functionally, Tbet expression in
Tregs sustained intestinal inflammation since Treg-specific Tbet
conditional knockout mice showed milder colitis after DSS
treatment as compared to control mice. Tbet knockout mice
were characterized by reduced expression of Th1- but not Th17-
related cytokines. IL10, which has been shown to downregulate
IFNy expression and to protect from colitis was not increased
in Tbet knockout mice (31). However, IL10 expression was not
altered in the Tbet knockout Tregs as compared to the wild type
controls. The phenotype of Tbet knockout mice was also unlikely

due to increased Tregs suppressive capacity since Tbet-deficient
Tregs were as suppressive as Tbet proficient Tregs both in vitro
and in vivo in the adoptive transfer model of colitis. However,
our data do not rule out the possibility that Tbet-expressing
Tregs isolated from the inflamed gut might permanently or
transiently lose their suppressive capacity further sustaining the
development of inflammation. Finally, the reduced expression
of IFNy among lamina propria CD4+ T cells in DSS-treated
knockout mice was not restricted to Tbet-deficient Tregs but it
also involved conventional T cells, thus indicating that the Thl
immune response depends on the presence of Th1-like Tregs.
We exclude the possibility that the low Tbet expression in
ConvT cells results from a transient activation of the Foxp3 locus
during the differentiation of Th1 cells leading to the deletion of
Tbet in these cells. Indeed, by using FoxP3 fate mapping reporter
mice we were able to monitor the presence of T cells which
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have transiently expressed FoxP3. In these mice the so called
“ex FoxP3+ cells;” marked by the permanent expression of the
tdRFP fluorescence even in the absence of FoxP3 expression,
represented a negligible fraction of CD4+ T cells and they
were excluded from the analysis. Moreover, the frequency of ex-
Tregs in Tbet knockout mice did not differ from controls thus
indicating that Tbet expression in Tregs does not influence Treg
phenotypic stability.

One possible interpretation of these results is that in the very
initial phase of inflammation Th1-like Tregs operate as enhancer
of the Th1 differentiation process. Different observations sustain
this hypothesis. First of all, the relative increase of Tbet-
expressing cells was higher among Tregs as compared to ConvT
cells in vitro and in vivo after DSS treatment. Moreover, the
induction of Tbet in Tregs preceded that of ConvT cells during

DSS treatment when histologic signs of inflammation were barely
detectable. Since the expression of Tbet by Tregs was dependent
on IFNy, the ready induction of Tbet in Tregs as compared
to ConvT cells might be explained by the FoxP3-dependent
upregulation of IFNy receptor in Tregs vs. ConvT cells (32).
Finally, the reduced expression of IFNy observed in the lamina
propria of conditional knockout mice was not limited to the
absence of IFNy-secreting Thl-like Tregs but it was associated
to a more general impairment of the Th1 immune response.

The role of Thl-like Tregs as enhancer of Thl immune
response in the early phase of inflammation is also supported
by the observation that miR146-deficient Tregs, which are
characterized by the wupregulation of STATI1-mediated
intracellular signaling and IFNy expression, increased the
expression of Thl cytokines in CD4+ T effector cells in a
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bone marrow chimera system (32). Moreover, the expression
of Tbet and IFNy in Tregs contributed to the development of
Th1-mediated lethal disease in a model of T. gondii infection (16).

Interestingly, and in agreement with our data, the
upregulation of Tbet and IFNy in Tregs induced by either
mirl46 deficiency or T.Gondii infection did not affect Treg
suppressive activity thus confirming that the Thl enhancer
activity exerted by Tregs during inflammation is not associated
with an impaired suppressive capacity.

The next fundamental question is how Th1-like cells enhance
the Th1 immune response. It is possible that IFNy expressed by
Tregs directly contributes to the differentiation of conventional
Thl cells in a paracrine manner. However, IFNy could also
promote the differentiation of Thl cells by upregulating the
expression of IL12 in dendritic cells. Accordingly, IL12p35 but
not IL23p19 was downregulated in the lamina propria of Tbet
conditional knockout mice.

In conclusion, based on our data, we propose a model in
which during the development of intestinal inflammatory flares,
Thi-like Tregs enhances the initial phase of inflammation by
promoting the development of Thl cells. In this this context,
Thi-like Tregs would represent an another source of IFNy-
producing cells involved in colitis development. Indeed, in
addition to the classic Thl differentiation from a naive T cells,
Th1 cells have been shown to derive from Th17 cells conversion
in different inflammatory conditions including colitis. Therefore,
the generation of Thl-like Tregs would represent just another
moment of a general Thl-skewing process involving different T
cell sub-types during the intestinal inflammation (33, 34).

At the same time, Tregs maintain their suppressive activity
on effector cell proliferation thus avoiding an excessive
inflammatory response. A dysregulation of this process, causing
a lower threshold of activation of the Treg-mediated pro-
inflammatory activity, might contribute to the generation of
chronic inflammation in the gut and to the pathogenesis of IBD.
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Regulatory T cells (Tregs) are small subsets of CD4 T cells that play a central role in
the controlling of immune tolerance. Tregs are either generated in the thymus (tTregs)
or the periphery (pTregs), and both express the master transcription factor Foxp3.
Stable expression of Foxp3 is important for the maintenance of Tregs identity and their
suppressive function. Similar to conventional T cells, Tregs can recognize both self- and
non-self-antigens, and TCR engagement leads to Treg activation and the generation
of effector Tregs. Emerging shreds of evidence suggest Tregs are not always stable,
even fully committed mature tTregs, and can lose foxp3 expression and programming
to effector-like T cells. In this review, we summarize recent findings in Treg instability and
the intrinsic and extrinsic mechanisms in controlling the Foxp3 expression. Finally, we
propose a new hypothesis that Foxp3 instability might help tTregs distinguish between
self and non-self-antigens.

Keywords: Treg, Foxp3, instability, self and non-self-discrimination, TCR

INTRODUCTION

T cells are one of the major components of the adaptive immune system which protects against
all kind of pathogens, harmful substances, and foreign tissues. Immature T cells expressing an
enormous number of TCRs generated by random VD] recombination undergo selection in the
thymus, where self-reactive T cells are clonally deleted through negative selection. However, this
mechanism of controlling self-reactive T cells, known as central tolerance, is not perfect. Some
potentially autoreactive T cells escape deletion in the thymus and migrate to the periphery. In
recent years, we have learned that suppression of autoreactive lymphocytes relies on a subset of
T lymphocytes called regulatory T cells, a small subpopulation of CD4™ T cells characterized by
expression of the forkhead transcription factor Foxp3 (1).

Nishizuka and Sakakura were the first to show that thymus-derived Tregs mediate dominant
self-tolerance (2). Their study showed that neonatal thymectomy around day 3 after birth resulted
in severe autoimmune diseases, which could be prevented by adoptive transfer of thymocytes or
splenocytes from adult euthymic mice (2). These observations demonstrated that a T cell subset
generated in the mouse thymus after the third day of life could prevent autoimmunity. This T
cell subset was later identified as a thymus-derived CD25" CD4™ T cell population capable of
protecting animals from autoimmune diseases (3, 4). However, CD25 is an activation marker,
and by itself, is insufficient for identifying tolerance- and inflammation-promoting cells during
an immune response. The breakthrough in the field came when the transcription factor Foxp3
was identified as the master regulator of Tregs (5-7). Expression of Foxp3 faithfully distinguishes
naturally occurring thymic, as well as peripheral, CD25"CD4" Tregs from naive CD25~CD4" T
cells or activated CD4*" T cells. Moreover, sustained Foxp3 expression in mature Tregs is critical
for maintaining of the Treg cell identity and suppression of life-threatening autoimmunity (8).
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Instability of tTregs

Although Tregs are likely to represent a stable cell lineage
with regulatory functions, accumulating evidence suggests that
Foxp3™ Tregs retain plasticity and can be “reprogrammed” into
T helper cells under certain environmental conditions (9-12). In
this review, we summarize recent results on Treg instability and
discuss their implications in distinguishing self and non-self.

MECHANISMS OF FOXP3 INDUCTION AND
MAINTENANCE

The induction and maintenance of Foxp3 distinguish Tregs
from the other T helper cell populations. Interestingly, these
two processes are largely separable and regulated by Foxp3
promoter and three conserved non-coding sequences (CNS)
located around the first intron and the first coding exon of
the Foxp3 gene (13-15). Intrathymic differentiation of Tregs is
synchronized with positive and/or negative selection and starts
mostly at the CD4TCD8™ single-positive (CD4SP) stage (16, 17).
By using TCR and antigen double transgenic systems, it was
shown that CD257CD4" cells can differentiate into Tregs in
the thymus when the cognate antigen is presented by thymic
stromal cells (18, 19). These results suggest that Treg cells develop
from CD4 SP T cells possessing TCRs with high avidity toward
self-antigens (20, 21). Thymic Foxp3 induction and Treg lineage
commitment are the synergistic effects of TCR signaling, co-
stimulatory signals through CD28 and common y-chain cytokine
signals, particularly IL-2 signal (22-26). Transcription factors
such as NFAT, AP-1, Nr4a factors, and STAT-5 can drive Foxp3
promoter activation in response to TCR and IL-2 signaling (27-
29). Tregs can also be induced in the periphery from naive
conventional CD4" T cells, and these pTregs play an important
role in maintaining intestinal mucosal immune tolerance and
maternal-fetal tolerance (30-32). Interestingly, pTregs and tTregs
have different dependence on CNS-1, which contains a TGF-
B-NFAT response element, and is indispensable for peripheral,
but not thymic, Foxp3 induction (15, 33). Additionally, CNS3,
another cis-element regulating Foxp3 locus, acts as a pioneering
element essential for inducing of Foxp3 expression (13). CNS3
recruits c-Rel and Foxo family transcription factors such as
Foxol and Foxo3, which can open the Foxp3 gene locus, thereby
facilitating Foxp3 induction (34, 35).

Stable expression of Foxp3 is dependent on CNS2, a CpG-
rich region within Foxp3 locus. CNS2, also called Treg specific
demethylation region (TSDR), is dispensable for Foxp3 induction
but essential for heritable maintenance of Foxp3 expression in
dividing Tregs (13, 14). CNS2 is fully methylated in conventional
T cells (Tconvs) and highly methylated in Tregs generated
recently in the thymus. Demethylation of CNS2 contributes to
stable Foxp3 expression in Tregs (36, 37). The initiation of
TSDR demethylation is Foxp3-independent, as the “wannabe”
Tregs, which transcribe the Foxp3 locus but do not express
Foxp3 protein, show demethylation of the TSDR (13, 36).
Recent studies have revealed the roles of Ten-eleven translocation
(TET) proteins, which can induce the demethylation of 5-
methylcytosine (5mC) in a cell cycle-independent way, in the
demethylation of CNS2 (38). By using CD4-Cre and Foxp3-
Cre-mediated depletion of Tet2/Tet3, Rao et al. and Yoshimura

et al. showed that the Tet proteins play a critical role in
demethylating TSDR to ensure stable Foxp3 transcription (39,
40). Once the TSDR has been demethylated, Foxp3 protein,
cooperating with other transcription factors such as Runx/Cbfp,
STAT5, CREB/ATE, and Ets-1, binds to the demethylated TSDR
and stabilizes its own transcription through a positive feedback
mechanism (13, 41-43). Rao et al. also observed that four
CpGs in CNSI and 11 CpGs in CNS2 share a similar CpG
methylation pattern (38). Collectively, these findings show that
the establishment of stable expression of Foxp3 occurs in
a two-step process, the first step being the Tet- dependent
demethylation of TSDR, followed by Foxp3-dependent self-
enforcement. Moreover, the metabolic status during tTreg cell
activation and environmental cytokine cues also contribute to the
stability of Foxp3 expression (44-49).

EVIDENCE OF INSTABILITY OF FOXP3

Accumulating evidence suggests that Foxp3™' cells are not
terminally differentiated. Indeed, in vitro culture system and
in vivo transfer experiments showed that a fraction of Tregs
can lose their Foxp3 expression and acquire the ability to
produce the corresponding Th cytokines depending on their
microenvironment (10, 50, 51). To overcome the limitations
of the relatively artificial experimental setting used in these
experiments and directly address the problem in vivo, we have
used genetic lineage-tracing approaches. To identify exFoxp3 T
cells in the normal T cell repertoire, we generated a fate-
mapping system by crossing ROSA26 YFP-reporter mice with
Foxp3 bacterial artificial chromosome (BAC) transgenic mice
expressing a GFP-Cre fusion protein (9). We found that 10-
15% of YFPT cells did not express Foxp3 and GFP, and
these GFPTYFPT cells displayed an activated memory T
cell phenotype with the ability to produce pro-inflammatory
cytokines, IFN-y and IL-17. Moreover, when crossed with
transgenic mice expressing a diabetogenic TCR, the frequency
of exFoxp3 cells increased in the inflamed pancreas and these
cells conferred autoimmune diabetes upon adoptive transfer into
lymphopenic mice. Similar results were observed by using MOG
tetramer to identify antigen-specific Tregs in an experimental
autoimmune encephalomyelitis (EAE) model, further supporting
the notion that Tregs can be converted into pathogenic T helper
cells in vivo (11). Collectively, these observations suggest that
Foxp3™t Tregs can lose Foxp3 expression and undergo lineage
reprogramming in response to certain extrinsic cues such as
lymphopenia and inflammation.

CONTRADICTION AND POSSIBLE
EXPLANATIONS

Conclusions drawn from these studies have generated great
debates. Treg plays a critical role in maintaining self-tolerance
and many Tregs are biased toward self-recognition. In this
context, unlimited functional reprogramming of Tregs to
pathogenic effector T cells could have a disastrous effect on
the host. The reprogramming model has been challenged by
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a study from Rudensky et al, who utilized an inducible-
labeling approach by knocking in a cDNA encoding GFP-Cre-
ERT2 fusion protein into a 3" untranslated region (UTR) of
the Foxp3 gene, and then crossing these mice with ROSA26
YFP mice (52). When treated with tamoxifen to pulse label
Foxp3™ T cells, Rudensky et al. found that <5% of YFPT cells
were Foxp3 negative. The frequency of Foxp3~ cells did not
increase even under inflammatory or lymphopenic conditions,
suggesting that Foxp3 expression in Tregs was remarkably
stable. The contradiction is unlikely to be due to an unfaithful
reflection of endogenous Foxp3 expression by Foxp3-GFP-Cre
BAC construct, as an independent Foxp3 GFP-Cre knock-in
x ROSA26 RFP fate mapping system also showed that about
15% of peripheral Foxp3 traced RFPT T cells were indeed
Foxp3~ (53). Interestingly, different subsets of Tregs might
have different Foxp3 stability, which even changes according
to their developmental stages (33, 36, 37, 54). It is well-known
that in vitro iTregs, induced by TGF-f, have highly methylated
TSDR and are prone to lose Foxp3 (37). Rudensky et al. have
shown that newly generated pTregs were unstable, about 50%
of lineage-traced cells were Foxp3~, whereas stable pTregs
were generated only after 5 weeks upon transferring (33). The
labeling efficiency of Tregs during fate mapping experiment,
particularly the unstable pTregs, could be a potential factor for
the inconsistent results among different models.

To resolve the controversies regarding the stability of Foxp3,
Hori have proposed a heterogeneity model and postulated that
exFoxp3s do not indicate real reprogramming of Tregs but
reflect a minor population of uncommitted Foxp3™ T cells
which have lost their Foxp3 expression (55). According to this

heterogeneity model, uncommitted Tregs are a minor fraction
of the Foxp3TCD25~ subset, generated either from transient
Foxp3 expression during the activation of peripheral T cells,
or from immature tTregs that fail to demethylate CNS2 during
thymic Treg development, thereby becoming susceptible to
losing Foxp3 expression in lymphopenic and in vitro polarization
settings (50). In contrast, most, if not all, of the CD25"
Foxp3™ T cells show stable Foxp3 expression under those
conditions. Although the heterogeneity model is compatible
with the two fate-mapping experiments mentioned before, it
fails to shed any light on whether the fully committed tTregs
can lose Foxp3 expression. Moreover, CD25 expression was
significantly decreased following Treg activation and functional
specialization (T-bet™ Treg, Bcl6 T TFR, etc.) (12, 56), and effector
Tregs preferentially use ICOS instead of IL-2 signaling to support
homeostasis and function (57). If so, can activated/effector Tregs
maintain Foxp3 expression?

TCR SIGNAL DETERMINES THE
INSTABILITY OF TREG

The heterogeneity and reprogramming models are not mutually
exclusive. Recently, we have generated a new fate-mapping
system which traces only the epigenetically stable tTregs, and
that provides us a unique opportunity to address the above
questions mentioned before (12). It has been demonstrated that
the CNS1, which serves as a major TGF- sensor, is critical for the
generation of induced pTregs, but largely dispensable for tTreg
development (33). Based on this observation, we developed a
delta CNSI Foxp3 BAC transgene mouse strain in which only
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FIGURE 1 | Foxp3 instability helps tTregs distinguish between self and non-self-antigens.
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tTregs express the Thyl.l-Cre fusion protein (referred to as
Foxp3 delta CNS1-Cre-Thyl.1). Unexpectedly, the expression
of Thyl.1-Cre reporter was significantly delayed in the thymus
and marked the mature tTregs with hypomethylation of the
TSDR. By using the Foxp3 delta CNS1-Cre-Thyl.1 x ROSA26
YFP fate-mapping system, we studied the stability of bona fide
tTregs. We found that only ~1% of mature tTregs lost Foxp3
expression in secondary lymphoid organs, indicating that tTregs
are stable under homeostatic conditions. However, activation and
sequential functional specialization of tTregs (conversion to T-
bet™ Treg and Bcl6™ TFR) result in the loss of Foxp3 stability and
reprogramming into T helper lineage. Destabilization of Foxp3
can also happen in Th2-like Treg or Th17-like Treg. Chatila
et al. have shown that selective boosting of IL-4R signaling by
introducing a gain-of-function IL-4Ra (I14raF709) in Tregs can
reprogram Treg to Th2 cells (58). Similarly, augmentation of
Roryt by knocking-out both T-bet and GATA3 in Tregs results in
decreasing Foxp3 expression and generation of IL-17 producing
cells (59). We further demonstrated that the signal switch from
IL-2 to ICOS/PI3K during Treg activation account for Foxp3
instability and Treg reprogramming (12). Initiation of TSDR re-
methylation is likely the key step for loss of Foxp3 expression (9),
death of activated Treg, and survival and expansion of T helper
cells could further drive the conversion.

To trace the functional specification of Tregs in vivo, we
have used a dual lineage tracing mouse model in which the
genetic tracing of Foxp3 and T-bet was simultaneously enabled
(12). Interestingly, “exT-bet” Foxp3™ cells (T-bet-tracer positive
Tregs that had lost T-bet expression) reverted to resting-
like Treg phenotypes with stable Foxp3 expression, whereas
sustained T-bet expressing effector Tregs tend to lose Foxp3
expression. Together, these results suggest that over-stimulation
likely promotes the instability of Tregs and converts them from
immune-suppressing cells to immune-boosting cells.

FOXP3 INSTABILITY MAY HELP TTREGS
DISTINGUISH SELF AND NON-SELF

Considering all these observations, we propose the hypothesis
that Foxp3 instability may help tTregs distinguish between self
and non-self-antigens (Figure 1). Both conventional T cells and
tTreg develop in the thymus, possibly from the same pool of
diversified immature T cells. Thymocytes are educated by an
elaborate process, during which their fate was determined by the
affinity of the TCRs for self-peptide-MHC complexes on APCs.
CD4 SP cells that bind with high affinity to self-antigens undergo
clonal deletion to limit autoimmunity, whereas the thymocytes
that bind with low affinity against the self-ligands can survive
and emigrate to the periphery as conventional T cells. Tregs
are positively selected from the TCRs with the affinity between
the clonally deleted autoreactive T cells and Tconvs. In the
periphery, Tconvs usually remain inactive due to their low affinity
to self-ligands. When the organism is infected by pathogens,
Tconvs, having high affinity against foreign antigens, undergo
clonal expansion to differentiate into effector cells and protect
the host. Similar to T conventional cells, TCR engagement is also

a critical step for Treg activation and gain of potent suppressive
function (60, 61). Although tTregs are selected by self-antigens
in the thymus, many studies have suggested that a substantial
proportion of thymic Tregs recognize foreign antigens. Because
TCRs on Tregs has an intermediate affinity to self-ligands, most
of the self-ligands in the periphery can only activate tTregs to a
certain extent, thereby maintaining a perfect window in which
Treg activation is triggered but their stability is not impaired.
In contrast to self-antigens, foreign antigens could trigger strong
TCR signals due to lack of negative selection, and the strong
signal could induce a high level of ICOS/PI3K activation that
is detrimental to Treg suppressive activity and stability (12, 45,
62). In addition to TCR signaling, proinflammatory cytokines
induced by infection such as IL-6, IL-12, or IL-4 can also have a
disruptive effect on Treg stability (50, 51, 63). Thus, those Tregs,
which respond vigorously are prone to losing their suppressive
function, program into an immune-boosting cell, and contribute
to clearance of pathogens. Indeed, loss of Treg stability has
been observed in many pathologic conditions in response to
foreign antigens such as infection and allergy (64-66). This
hypothesis would explain many general phenomena in which
Tregs can control weak immune responses, while being relatively
incompetent to suppress strong immune responses, such as allo-
skin grafts. Consistent with this notion, Amigorena et al. have
demonstrated that Tregs could down-regulate low-avidity CD8
reactions but promote the high-avidity of CD8™ T cell responses
to foreign antigen (67).

CONCLUSIONS

Although many controversies remain, more and more pieces
of evidence have supported the notion that Tregs can lose
Foxp3 expression under certain conditions. In the past 10
years, the extracellular and intracellular signals that maintain or
destabilize Foxp3 have been intensively investigated, however, the
physiologic function of Treg instability is not fully understood.
We propose a hypothesis that Foxp3 instability helps tTreg to
distinguish self and non-self-antigens. A better understanding of
this question might have important therapeutic applications in a
variety of diseases ranging from tumor to infectious disease.
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Regulatory T (Treg) cells mainly develop within the thymus and arise from
CD25%Foxp3~ (CD25™ TregP) or CD25~ Foxp3™ (Foxp3™ TregP) Treg cell precursors
resulting in Treg cells harboring distinct transcriptomic profiles and complementary T cell
receptor repertoires. The stable and long-term expression of Foxp3 in Treg cells and their
stable suppressive phenotype are controlled by the demethylation of Treg cell-specific
epigenetic signature genes including an evolutionarily conserved CpG-rich element within
the Foxp3 locus, the Treg-specific demethylated region (TSDR). Here we analyzed the
dynamics of the imprinting of the Treg cell-specific epigenetic signature genes in thymic
Treg cells. We could demonstrate that CD257Foxp3™ Treg cells show a progressive
demethylation of most signature genes during maturation within the thymus. Interestingly,
a partial demethylation of several Treg cell-specific epigenetic signature genes was
already observed in Foxp3™ TregP but not in CD25™ TregP. Furthermore, Foxp3™ TregP
were very transient in nature and arose at a more mature developmental stage when
compared to CD25™ TregP. When the two Treg cell precursors were cultured in presence
of IL-2, a factor known to be critical for thymic Treg cell development, we observed a
major impact of IL-2 on the demethylation of the TSDR with a more pronounced effect
on Foxp3T TregP. Together, these results suggest that the establishment of the Treg
cell-specific hypomethylation pattern is a continuous process throughout thymic Treg
cell development and that the two known Treg cell precursors display distinct dynamics
for the imprinting of the Treg cell-specific epigenetic signature genes.

Keywords: Treg cell, Treg cell precursors, demethylation, epigenetic signature, IL-2, thymus, TSDR, Foxp3

INTRODUCTION

CD4™ regulatory T (Treg) cells are crucial for the maintenance of self-tolerance. The continuous
expression of the lineage-specification factor, Foxp3, endows these immunoregulatory cells with
long-term stability and suppressive activity (1, 2). Accordingly, mutations in the Foxp3 locus can
result in an autoimmune and inflammatory syndrome in mice and humans [Scurfy and IPEX
(immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome, respectively]
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(3-5). Although the induction and maintenance of Foxp3
expression are crucial for the lineage identity and functionality
of Treg cells, Foxp3 expression as such is not sufficient to ensure
complete Treg cell phenotypic and functional properties. For
instance, retrovirally induced ectopic expression of Foxp3 in
CD47CD25~ conventional T cells could not induce the complete
set of Treg cell-specific signature genes (6, 7). In line with
this, in vivo disruption of the Foxp3 gene by green fluorescent
protein (GFP; Foxp3%Pk? mice) resulted in Foxp3~ GFP™ cells
still expressing several Treg cell-specific signature genes (8). To
this end, it was shown that the CpG DNA demethylation at
a set of Treg cell-specific epigenetic signature genes essentially
but independently complements Foxp3 expression for entire
Treg cell functionality and long-term lineage stability (9-12).
Although significant progress has been made in understanding
the importance of epigenetic imprinting on generating stable
Treg cells, factors that initiate and drive this imprinting process
are still incompletely understood.

Induction of Foxp3 expression and acquisition of the Treg
cell-specific CpG hypomethylation pattern take place during
thymic Treg cell development. It is assumed that the majority
(~80%) of the Treg cell population originates from the thymus,
termed thymus-derived Treg (tTreg) cells (13). The concurrent
stimulation of the T cell receptor (TCR) and CD28 is viewed as
the first step in a two-step model of thymic Treg cell development
(14, 15). This model proposes that the first step is instructive
for the up-regulation of the IL-2Ra subunit (CD25), resulting
in the development of CD25%Foxp3~ Treg cell precursors
(CD25% TregP). Due to the expression of the high affinity IL-2
receptor, these cells are supremely sensitive to IL-2 and, at
least a part of this precursor population can differentiate into
CD25"Foxp3™ Treg cells in a second step upon stimulation
with IL-2 without further need for TCR-derived signals (15).
Accordingly, IL-2- or CD25-deficient mice display impaired
tTreg cell development, exhibiting ~50% of normal Treg cell
numbers among CD4 single-positive (SP) thymocytes (16, 17),
and develop lymphoproliferative disease. Whether IL-2 signaling
in CD25" TregP is sufficient to drive epigenetic imprinting
characteristic of mature tTreg cells is, however, not known. In
addition to this model of Treg cell development, other studies
indicate that Treg cells can also arise from CD25~ Foxp3™t Treg
cell precursors (Foxp3™ TregP) (18). Thus, it was proposed that
TCR-CD28 co-stimulation and/or IL-15 might lead to the up-
regulation of Foxp3 expression in CD4SP thymocytes (18, 19).
Interestingly, Foxp3 was reported to be proapoptotic, and unless
it is counterbalanced by IL-2 signals, Foxp3™ TregP undergo
apoptosis (18). NF-kB is essential for the generation of both
precursor populations. While IkBys and c-Rel together control
the induction of Foxp3 expression in CD25" TregP and Foxp3™
TregP, it was shown that c-Rel supports the induction of CD25
in both precursors (20-22). Recently, Owen et al. reported that
CD25" TregP and Foxp3™* TregP contribute almost equally to
the generation of mature tTreg cells, despite showing distinct
maturation kinetics and cytokine responsiveness. Additionally,
the mature tTreg cells derived from the two precursors differed
in their transcriptomes, their interactions with self-antigens and
their TCR repertoire (23). In line with this, Foxp3* TregP were
shown to already possess a partially demethylated Treg-specific

demethylated region (TSDR), while CD25" TregP exhibited a
completely methylated TSDR comparable to Foxp3~ CD4SP
thymocytes (24). However, the dynamics of the imprinting
and the establishment of the Treg cell-specific hypomethylation
pattern as well as the involvement of IL-2 in the demethylation of
the TSDR and other Treg cell-specific epigenetic signature genes
in both precursor populations have not been investigated yet.

In this study, we assessed the dynamics of the imprinting
of the Treg cell-specific epigenetic signature genes in tTreg
cells and could demonstrate that CD257Foxp3™ Treg cells
show a progressive demethylation of most signature genes while
maturing within the thymus. The two Treg cell precursors
displayed distinct dynamics for the imprinting of the Treg
cell-specific epigenetic signature genes, with Foxp3™ TregP
already showing a partially established Treg cell-specific
hypomethylation pattern. Intriguingly, we found that IL-2
mainly impacts the establishment and progression of TSDR
demethylation with a more pronounced effect on Foxp3™ TregP
when compared to CD25" TregP. Thus, the two thymic Treg cell
precursors differ substantially in the establishment of the Treg
cell-specific hypomethylation pattern.

MATERIALS AND METHODS

Mice
B6.Foxp3m1(CD2/CD32)shori Ry p3hCD2 yeporter  mice
on C57BL/6  background),  B6.SJL-Ptprc®Pepc’/Boy].Fox

p3m1(CD2/CD52)Shori  (CD45.1 congenic  Foxp3"“P?  reporter
mice on C57BL/6 background) and B6.SJL-Ptprc*Pepct/Boyl.
Foxp3tm1(CDZ/CDSZ)Shori_Ra Itml(GFP)Imku mice (CD45.1
congenic Foxp3PCP2xRaglC reporter mice on C57BL/6
background) (25, 26) were bred and maintained at
the central animal facility of the Helmholtz Center for
Infection Research (HZI, Braunschweig, Germany), which
provides state-of-the-art laboratory animal care and service.
B6.Foxp3tm2-1(EGFP/cre)Shori G ROSA )26S0r ™ I1HE mice
(Foxp3¢CGFPCrexROSA26RFP  fate-mapping mice on C57BL/6
background) (26) were bread and maintained at the animal
facility of the RIKEN Center for Integrative Medical Sciences
(Yokohama, Japan). All mice were housed in barriers under
specific pathogen-free (SPF) conditions in isolated, ventilated
cages, and handled by personnel appropriately trained as well as
dedicated animal care staff to assure the highest possible hygienic
standards and animal welfare in compliance with German,
European and Japanese animal welfare guidelines. According
to the German Animal Welfare Act (84, section Discussion)
sacrifizing animals solely to remove organs for scientific purposes
is notified to the competent authority. This study was carried
out in accordance with the principles of the Basel Declaration as
well as recommendations as defined by FELASA (Federation of
European Laboratory Animal Science Associations), the German
animal welfare body GV-SOLAS (Society for Laboratory Animal
Science), and the Institutional Animal Care at RIKEN using
approved protocols. All mice were used at the age of 4-9 weeks.

Antibodies and Flow Cytometry
Cell suspensions were labeled directly with the following
fluorochrome-conjugated anti-mouse antibodies purchased from
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either BioLegend or eBioscience: CD4 (RM4-5), CD8a (53—
6.7), CD24 (M1/69), CD25 (PC61.5), CD73 (TY/11.8), and anti-
human CD2 (RPA-2.10). To block the Fc-receptors, the staining
mix always contained unconjugated anti-FcRyIII/II antibody
(BioXcell; final concentration 10 g ml™!). For exclusion of dead
cells, 4',6-Diamidine-2’-phenylindole dihydrochloride (Merck)
was used. Stained cells were assessed by LSRFortessa™ or
FACSCanto™ II flow cytometer (BD Biosciences) and data were
analyzed with FlowJo® software (TreeStar).

Cell Sorting

Single-cell suspensions from thymi were depleted of APC-labeled
CD8a™ cells using anti-APC microbeads (Miltenyi Biotec) and
the autoMACS® Pro Separator (Miltenyi Biotec). The negative
fraction was stained with fluorochrome-conjugated anti-mouse
antibodies and subsets of CD4SP thymocytes were sorted using a
FACSAria™ or a FACSAria™ Fusion (BD Biosciences).

Cell Culture

Sorted CD4SP thymocyte subsets were cultured at 37°C and
5% CO, for 3 or 5 days. For this purpose, 5 x 10* cells/well
were placed within 100 pl of Roswell Park Memorial Institute
medium (RPMI, Gibco) completed with 10% FCS, 50U ml~!
penicillin, 50U ml~! streptomycin, 25mM HEPES, 1mM
sodium pyruvate (all Biochrom AG), 50 wM B-mercaptoethanol
(Gibco) containing 50 ng ml~! recombinant mouse IL-2 (R&D
Systems) into a round-bottom 96-well plate (Sarstedt).

DNA Methylation Analysis

Genomic DNA was isolated from sorted CD4SP thymocyte
subsets using the DNeasy® Blood & Tissue Kit (Qiagen) and
concentrated using the DNA Clean & Concentrator Kit (Zymo
Research), both following the manufacturers’ protocols. The
DNA concentration was quantified with a Nanodrop 1000
spectrophotometer (Peqglab). Methylation analysis of the TSDR
and other Treg cell-specific epigenetic signature genes was
performed using bisulfite sequencing as described before (27).
Exclusively, cells from male mice were used for the methylation
analysis. For each CD4SP thymocyte subset, cells were pooled
from 4 to 6 independent experiments to reach sufficient cell
numbers for the methylation analyses.

Statistical Analysis

The GraphPad Prism software v7.0 (GraphPad) was used to
perform all statistical analyses. Data are presented as mean =+
standard deviation (SD). For comparison of unmatched groups,
two-tailed Mann-Whitney test was applied and the p-values were
calculated with long-rank test (Mantel-Cox). If comparing more
than two groups Kruskal-Wallis-Test with Dunn’s test was used.
A p-value below 0.05 was considered as significant (*p < 0.05;
p < 0.01; **p < 0.001; ***p < 0.0001; ns, not significant).

RESULTS

Newly Generated Treg Cells Progressively
Mature Within the Thymus

We had previously demonstrated that tTreg cell maturation,
which manifests as a progressive demethylation of the TSDR,

is a continuous process that progresses after up-regulation of
Foxp3 expression (12). In order to study the dynamics of
this maturation process in more detail and in a more precise
system, we here made use of transgenic Foxp3"“P?xRag1CFP
reporter mice, which express green fluorescent protein (GFP)
under control of the recombination-activating gene 1 (Ragl)
promoter (25). In these mice, GFP expression identifies newly
generated thymocytes and discriminates them from older and/or
re-circulating T cells (28, 29). This is of specific importance
as Treg cells were recently shown to re-enter the thymus
from the periphery (30), thereby blurring the analysis of
tTreg cell development. Here, we first confirmed by flow
cytometric analysis that a decrease in CD24 expression, which is
associated with thymocyte maturation (12, 31), correlates with a
decrease in GFP intensity within the newly generated (RagCt*+)
CDA4SP thymocyte compartment (Figure S1). Futhermore, flow
cytometric analysis of CD24", CD24™™ and CD24"°" subsets
among newly generated (Rag®™*+) CD25%Foxp3™ Treg cells
(Figure 1A) revealed a significant increase in CD25 expression
levels as well as a trend-wise increase in Foxp3"°P2 expression
from the CD24M to the CD24™ Treg cell subset (Figures 1B,C).
In contrast, no difference was observed in expression levels
of CD25 and Foxp3PCP? between CD24™ and CD24°" Treg
cell subsets.

The demethylation of Treg cell-specific epigenetic signature
genes is a prerequisite for the stable and long-term expression
of Foxp3 in Treg cells and their stable suppressive phenotype.
This process was reported to be induced already at early
stages of Treg cell development within the thymus (11).
Additionally, progressive demethylation of the TSDR occurs
along maturation of bulk Foxp3*t CD4SP thymocytes (12). To
gain a more precise insight into the dynamic imprinting of the
Treg cell-specific hypomethylation pattern during thymic Treg
cell maturation, we FACS-sorted CD24M, CD24!™, and CD24!°%
subsets of newly generated (Rag®™’*) CD25% Foxp3"P2+ Treg
cells. Subsequently, genomic DNA from these subsets was
bisulfite treated and analyzed by pyrosequencing. Interestingly,
we observed a successive demethylation of the TSDR, Eos, Ctla-4,
and Gitr correlating with CD24 down-regulation (Figures 1D,E).
Intriguingly, Helios was already partially demethylated in the
CD24M subset, and no further decrease in its methylation
status during Treg cell maturation was observed (Figures 1D,E).
Thus, these data suggest that newly generated (RagS®fP+)
CD25% Foxp3"“P?+ Treg cells continuously mature within the
thymus, observed as increase in CD25 and Foxp3M“P? expression
and progressive demethylation of distinct Treg cell-specific
epigenetic signature genes.

Foxp3* TregP Arise at a More Mature
Developmental Stage Than CD25* TregP
and Display a Partially Demethylated Treg
Cell-Specific Epigenetic Signature

After having shown that newly generated immature
CD24MCD25% Foxp3PCP2+  Treg cells are already partially
demethylated at several Treg cell-specific epigenetic signature
genes, we next aimed to assess the methylation status of
these signature genes at earlier developmental stages of Treg
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cells. It was previously reported that tTreg cells arise from
either CD25"Foxp3~ (CD25" TregP) or CD25 Foxp3™
(Foxp3™ TregP) Treg cell precursors (15, 18, 23). Here, we
first investigated the maturity of these two different Treg cell
precursors and to this end analyzed the expression of CD24
among CD25% TregP and Foxp3' TregP in comparison to
newly generated (Rag®™**) CD25%Foxp3* Treg cells by flow
cytometry (Figures2A,B). While CD25% TregP displayed a
rather immature phenotype with very high CD24 expression
levels, Foxp3™ TregP showed a significantly decreased CD24
expression almost reaching the levels of CD25"Foxp3™ Treg
cells (Figure 2B). Accordingly, the majority of CD25% TregP

was found among CD24"RagS™P+ CD4SP thymocytes, while
Foxp3t TregP were mainly enriched in the corresponding
CD24°Y subset (Figure S2). We also analyzed the maturity
of Foxp3™ TregP in Foxp3CfPCrexROSA26RY mice. In these
fate-mapping mice, RFP expression labels Foxp3™ cells and their
progeny, independently of continuous Foxp3 expression (26).
We here found that Foxp3™ TregP are mainly constituted of
REP~/1% cells when compared to CD25%Foxp3* Treg cells,
whose majority has accumulated high levels of RFP (Figure 2C).
Yet, also a small fraction of Foxp3™ TregP expressed high levels
of RFP. These cells likely represent the previously described
CD25 Foxp3™ Treg cells re-entering the thymus from the
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